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This thesis aims to characterize the fluorescence brightness and size of silicon 
nanocrystals in solution by measuring equilibrium fluctuations through the techniques of 
Fluorescence Correlation Spectroscopy (FCS) as well as Photon Counting Histogram 
(PCH). It was found that Si nanocrystals are comparably bright to fluorescein, a standard 
organic fluorophore, as well as comparably small ( -l.lnm in diameter). Imaging results 
on single Si nanocrystals show that individual nanocrystals are photostable for over 150s 
of continuous illumination, orders of magnitude longer than possible with traditional 
organic fluorophores under similar conditions. Due to the poorly controlled sonication 
step in the preparation of the Si nanocrystal colloid from the porous Si precursor, it was 
desirable to quantify the heterogeneity of the Si nanocrystal colloid. This was achieved 
by extending the techniques of FCS and PCH by scanning the excitation energy. In this 
way each fraction excited at a given wavelength could be counted, and a spectrum of 
number density versus excitation wavelength could be built up. By directly measuring 
the molecular heterogeneity in this way it was found that there exists significant 
heterogeneity in the Si nanocrystal preparations (i.e. the number density changes as a 
function of excitation wavelength). This important new observable (number density 
spectrum) can now be used as a control variable in refining the production of Si 
nanocrystal colloids in the effort to produce homogenous samples, which would be a 
necessary condition for applications. Traditional ensemble techniques (fluorescence 
emission/excitation spectra, fluorescence lifetime) are also performed, corroborating the 
conclusion of heterogeneity, though such techniques are not able to quantify it at the 
molecular level. 
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Chapter 1 : Introduction 
Semiconductor nanocrystals (also called nanocrystals or quantum dots) can be 
described as a state of matter intermediate between molecular and bulk crystalline. Their 
small size and high optical activity make them a very interesting material for study in 
disciplines ranging from opto-electronics (integrating optical and electronic signals on a 
single substrate, i.e. crystalline Si) to fluorescence microscopy (as a bright, photostable 
and minimally perturbative fluorescent marker). This work will concentrate on 
experiments designed to optically characterize silicon nanocrystals as fluorescent 
beacons in solution since in biology fluorescent labels are invariably used to image 
structures or track/probe particles/biomolecules in the liquid state. Images of single 
immobilized Si nanocrystals on quartz substrates will also be presented. 
Just as bulk semiconductors are characterized by the structure of their conduction 
and valence bands as being direct or indirect, so are semiconductor nanocrystals. Direct 
semiconductor nanocrystals (e.g. CdSe, CdS) are characterized by having the minimum 
transition energy to promote an electron from the valence band to the conduction band 
without a change in the electron momentum (the energy of this energy separation is 
known as the band-gap). For indirect semiconductors however excitation at the band gap 
energy must be accompanied by a change in the electron's momentum (supplied by a 
phonon). 
Direct Transition Indirect Transition 
Con.duct.ionband Conduction band 
Valence band Valence band 
(0,0,0) Momentum k 
b 
(0,0,0) Momentum k 
Figure 1.1: (a) Direct transition via photon absorbtion. (b) Indirect transition via 
photon and phonon absorption (for momentum conservation). 
While both types of semiconductors are efficient absorbers of light, it has only 
been the direct semiconductors which have been emissive enough to be used as an 
optical source (e.g. in semiconductor GaAs quantum well lasers, Saleh and Teich, 1991) 
or as fluorescent labels (CdSe) (Chan and Nie, 1998, Bruchez et al, 1998). The discovery 
of porous silicon as an efficient luminescent material (Canham, 1990) has created great 
excitement as a prospective candidate for opto-electronic circuit integration. [Integrating 
direct semiconductor structures on silicon has been unsuccessful due to lattice mismatch]. 
Though the waited for advances have not materialized, it has been the starting point for 
experimental and theoretical investigations on nanocrystalline silicon (Cullis et al, 1997). 
In this work the silicon nanocrystals studied come from a porous Si precursor. 
Outline of thesis 
This chapter will continue with a brief introduction to the theoretical background 
of semiconductor, and nanocrystalline semiconductor luminescence. The succeeding 
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chapters will focus on the preparation and characterization of silicon nanocrystals which 
have been produced from a porous silicon precursor. 
Chapter 2 begins by outlining advances in porous silicon surface quality and 
uniformity by recent techniques which have made the production of uniformly sized 
silicon nanocrystallites possible. Evidence establishing the existence of Si nanocrystals 
by chemical analysis and electron microscopy performed by other researchers on similar 
samples will also be mentioned. Then, the method of producing the ultra-uniform, ultra-
small nanocrystallites and the various techniques to chemically passivate their surfaces 
will be discussed. 
Standard ensemble measurements of the silicon nanocrystal colloids' fluorescence 
will be described in chapter 3. Two well defined peaks in the fluorescence emission for 
all preparations provide evidence that there are only 2 species (or excited states) present. 
A low temperature fluorescence measurement will also be described, suggesting evidence 
for a surface model of the fluorescence. Finally, absorption spectra for all the 
preparations will be presented, and the evidence indicating quantum confinement that 
emerges from them will be discussed. 
Chapter 4 begins by outlining the techniques of measuring fluorescence at the 
molecular level. By analyzing the fluctuations in fluorescence, it will be shown how 
information like the Si nanocrystal molecular brightness (i.e. the brightness attributable to 
a single Si nanocrystal) and the number density of Si nanocrystals in a colloid can be 
extracted without any a priori information. The theory behind the complementary 
techniques of Fluorescence Correlation Spectroscopy (FCS) and the Photon Counting 
Histogram (PCH) will also be described, as will the experimental apparatus used for 
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performing such experiments. Data using these techniques will be presented, showing 
that when using two-photon excitation, the brightness of a single Si nanocrystal is 
comparable to the brightness of a single fluorescein molecule, which is a standard, bright, 
organic fluorophore. Evidence that the size of the Si nanocrystal is comparable to the 
size of a fluorescein molecule will also be shown. These promising results motivate 
further exploration of the optical properties of Si nanocrystals. 
The next chapter, chapter 5, focuses on the issue of the molecular homogeneity of 
the silicon nanocrystal colloid. Since future applications would require that the silicon 
nanocrystals have well-defined properties within well-defined limits, answering this 
question is a necessary precursor to advancement in the area. By extending the molecular 
detection techniques of FCS and PCH outlined in the previous chapter by performing 
scans in the excitation wavelength, it will be shown that there is evidence for 
heterogeneity in the Si nanocrystalline colloids, by the methods of preparation described. 
This information provides critical feedback on efforts at process control in the production 
of Si nanocrystals so that more uniform colloids may be produced in the future. 
In chapter 6, FCS and PCH measurements of the molecular properties of Si 
nanocrystals excited by single photon absorption in the UV (together with ensemble 
measurements) show the quantum yield, and extinction coefficient of Si nanocrystals are 
comparable to standard organic fluorophores. Also measured is the 1-photon excitable 
number density in the silicon nanocrystal colloid, which turns out to be much larger than 
the two-photon excitable number density (measured in chapters 4 & 5), indicating that 
these are different fractions. These measurements conclude that in addition to having a 
bright two-photon excitable fraction, these Si nanocrystal colloids also have a 
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concentrated and bright 1-photon excitable fraction. They also motivate efforts to 
separate these fractions after production and/or control suppression of one or the other 
fraction during production for future development and applications. 
Chapter 7 addresses the molecular heterogeneity of the 1-photon excitable 
fraction of Si nanocrystals, not by the molecular level techniques used to study the 2-
photon fraction's heterogeneity in chapter 5 (i.e. FCS and PCH), but by the traditional 
ensemble technique of fluorescence lifetime, measured as a function of excitation 
wavelength. The heterogeneity found in the fluorescence lifetime is clearly mapable to 
the heterogeneity found in the fluorescence emission (measured in chapter 3), confirming 
earlier observations that there are 2 species (or excited states) present. 
In chapter 8, images of single Si nanocrystals deposited on a quartz surface under 
two-photon excitation will be presented. The time course of the emission intensity of a 
single Si nanocrystal will also be shown, indicating that the Si nanocrystal is stable to 
over 150 seconds of constant illumination, orders of magnitude longer than traditional 
fluorophores, which photobleach within several seconds under identical conditions. 
A concluding chapter summarizes the results and suggests research for the future. 
Published observations concerning the non-linear optical properties of thin films of 
reconstituted Si nanocrystals will not be presented (Nayfeh et al, 2000, 2001 ), as this 
thesis aims to discuss properties of individual non-interacting nanocrystals, in solution 
and on a surface. 
Semiconductor preliminaries 
Effective Mass Model: This model has successfully been applied to understanding bulk 
semiconductor optical phenomenon. The Effective Mass Model is a quasi-particle theory 
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which treats the electron excited to the conduction band and hole created in the valence 
band as free particles, whose effective masses are determined by a quadratic fit to the 
curvature at the band minima (maxima) of the conduction (valence band) (see figure 1.2). 
f 
f 
\ 
\ 
, 
I , 
Effective mass approximation 
n"k2 E=-
' 2m,./ 
Valence band 
(0,0,0) Momentumk 
Figure 1.2: Effective mass approximation consists of a quadratic fit to the 
valence maximum and conduction minimum. The curvatures give the effective 
hole mass mh and electron mass me. 
If we add to this picture the coulombic attraction an electron and hole will feel, we have 
the theoretically simplest manifestation of an exciton. In a quantum dot this exciton 
presents an energy spectrum analogous to a hydrogen atom (i.e. with radial and angular 
quantum numbers) but it is further complicated by the fact it is in a thermal bath of 
phonons and that the "mass" of an exciton is energy dependent. Excitons eventually 
decay however, by electron hole annihilation, which can be accompanied by the emission 
of a photon (luminescence), with or without phonon absorption/emission or the 
acceleration of a free charge (Auger process). In bulk crystalline silicon without doping 
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near 0 K, the quantum yield of exciton formation approaches 1. Free carriers (the sites 
of non-radiative recombination) decrease this yield to a fraction of a percent ( ~0.00 1%) at 
room temperature. The radiative lifetime for an exciton is quite long ( ~ms) due to the 2nd-
order nature of electron-hole recombination in indirect semiconductors (the electron has 
to absorb a phonon and a hole). And so, at room temperature non-radiative processes 
move the decay lifetime to the J!S to ns regime. 
Bulk model predictions break down however when the size of the crystal is less 
than the exciton's Bohr radius (i.e. radius of lowest energy Bohr orbital). For Si this is 49 
A (Cullis et al, 1997) and CdSe it is 61 A (Grahn, 1999). Crystallites with diameters 
smaller than this are said to be in the Quantum Confined (QC) regime (Klingshim, 1997, 
Nirmal and Brus, 1999). Quantum Confinement has two main consequences: i) it causes 
a blue shift in the band gap energy (figure 1.3), ii) it increases the probability of overlap 
between the electron and hole (i.e. optical matrix element is larger) which increases the 
rate of radiative recombination. The blue shift can be understood as the extra discretized 
energy of confinement that must be overcome to promote an electron to the conduction 
band. For a particle in a box (infinite well) the energy spectrum due to this confinement 
IS, 
where a is the length scale of the confinement, n is the quantum number, and m is the 
effective mass (see figure 1.4). For a structure of size 1 J.tm this zero-point confinement 
energy (i.e. for n= 1) is ,...._ 1 o-6 e V. For nm sized structures this energy is significant (for 
optical transitions) ~ 1 e V. 
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Bulk crystal N anoczystal 
---------}---
Egap Egap +Econfinement 
---------}---
Figure 1.3: Confinement within nm sized geometries causes a significant blue-
shift in the band-gap energy, with respect to the bulk crystal. 
V=-
Zero-point 
confinement 
energy (n=l): 
fi 2 TC2 
Econfinement= 2tnti 
V=O V=oc 
n=3 
.,..__ __ a --~ 
Figure 1.4: Particle in a box approximation demonstrates discretized states that 
emerge because of confinement as well as the zero-point confinement energy. 
8 
The increase in the radiative recombination rate may be understood as a 
consequence of Fermi's Golden Rule: 
where -r is the radiative lifetime, i is the initial state, f is the final state, and Eo is the 
energy of the transition. Spatial confinement implies a widely spread representation in 
momentum space, increasing the magnitude of the optical matrix element of the 
transition, thereby decreasing the lifetime. 
Nanocrystalline silicon 
Crystalline silicon nanocrystals in the nm size regime have been produced by a 
variety of methods including laser ablation, gas evaporation and sputter deposition 
(Iacona et al, 2000), in addition to porous Si (Akcakir et al, 2000). The crystalline 
structure of those particles have been confirmed by electron microscopy. In this work, 
the silicon nanocrystals studied were produced from porous Si. The nanocrystalline 
nature of the porous precursor structure has been well documented (Polisski et al, 1998). 
Free Si nanocrystals were produced by sonicating the porous Si surface, which broke up 
the constituent crystallites into solution to form a Si nanocrystal colloid (see chapter 2). 
Theoretical difficulties in modeling Si nanocrystals 
The very few number of unit cells which exist in these nanocrystals (lattice 
constant for Si = 5.4A) may seem to invalidate the electronic-band structure point of 
view, which is accurate in describing bulk crystal spectra. Direct semiconductor 
nanocrystals like CdSe (Norris et al, 1996) and InAs (Banin et al, 1998) have been quite 
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successfully modeled by effective mass theories (albeit with a more sophisticated version 
which includes valence band mixing). Significant quantitative deviations appear for 
nanocrystals below 1.5nm in size, though the main features of the spectra are 
qualitatively well described by the theory's term assignments (up to the tenth excited 
state, Norris and Bawendi, 1996). The ordering of those terms are different than 
traditional atomic spectra, which are solutions to an electron in a coulombic potential; 
the effective mass electrons of the CdSe or InAs have the additional constraint of being 
assumed to be in an infinite or square well potential. 
The overlap of wavefunctions have an especially dramatic effect for indirect type 
semiconductors like Si. In the bulk crystal the energy band representation in k -space 
can be justified by periodicity. For nanocrystals however periodicity is lost and k is no 
longer a "good" quantum number. Confinement in real space implies that in reciprocal 
space the stationary states must be represented by a superposition of k -states when 
expressed in the k -basis. This allows transitions which were previously indirect (i.e. 
phonon mediated) to become direct-like under confinement (Proot et al, 1992, Delerue et 
al, 1993). 
In addition to the confinement effects, the surface too has an important bearing on 
the optical activity. For nanocrystalline materials the fraction of atoms that are on the 
surface are significant, as opposed to bulk crystals. For this reason the structure and 
bonding at the surface must be considered. 
Surfaces may be divided into two classes, passivated and un-passivated. 
Passivated surfaces have all their bonds bonded to another chemical species or 
semiconductor layer (e.g. H, 0, CdS). This hybridization is what gives rise to the 
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continuum of states in the conduction and valence bands that is approached in the bulk 
crystal (see figure 1.5). Un-passivated surfaces have surface bonds left dangling (i.e. are 
left un-hybridized). Such dangling bonds have 2 consequences: i) they introduce states 
within the forbidden "band-gap" of the material, ii) they are sites of efficient non-
radiative recombination (see figure 1.6). The mid-gap states arise since the unpaired bond 
cannot hybridize into the bonding and anti-bonding levels (or to the "valence" and 
"conduction" levels). 
(1m-hybridized) 
sp·~ 
l\J ~1k~ular 
(hybridized) 
cr* 
(J 
Cry:::talliue s~ 1) id 
( LL)!It lll Ulllll) 
Figure 1.5: Orbital hybridization leads to the formation of bands and the 
existence of a band-gap. An un-hybridized orbital occupies a state in the middle 
of the band-gap. 
Such mid-gap states have an enhanced occupation probability in comparison to 
"conduction" states (i.e. for Emid-gap=Eg/2 there is an enhancement factor of eEg/2kT). Upon 
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occupation of the mid-gap state by an electron, non-radiative recombination with a hole is 
similarly enhanced (Sapoval and Hermann, 1995). 
In addition to avoiding the above scenario, passivation is also a technique used to 
better localize the excitonic states. By surrounding a semi-conductor with another of 
larger band-gap, localization is enhanced (see figure 1.7). This type of band-gap 
engineering has been used to great advantage in increasing the efficiency of quantum-
well lasers (Saleh and Teich, 1991). Mid-gap states can also be generated by impurities, 
(e.g. donor or acceptor atoms) in the bulk, but such effects will be ignored in nanocrystals 
since the probability of such an impurity to exist is negligible (Delerue et al, 1993). 
mid-gap stalt' 
I 
+- annihilation . :-
+ + 
Valence hand 
Figure 1.6: Mid-gap states which originate from un-passivated surface bonds 
lead to an enhanced electron-hole capture rate, which results in an increase in 
the non-radiative rate of recombination. 
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Radial position 
Core 
'Passivating "cap"/ 
Figure 1. 7: Passivating caps surrounding semiconductor core can be understood 
as presenting a finite potential well (of depth 8) to allow localization of excitonic 
states. 
The coulombic exchange interaction has until recently been ignored in 
nanocrystal modelling efforts, though recent Monte Carlo simulations show it to 
contribute to a significant blue shift in the "band-gap"(self-energy correction) (Ogiit et 
al, 1997). The exchange term arises because the coulomb interaction term is not diagonal 
in the single particle basis. The mixing that arises is found to be enhanced by the 
quantum confinement. 
One of the most challenging problems in understanding "indirect" 
nanocrystalline luminescence (i.e. Si, Ge) is finding a satisfactory explanation for the 
significant Stokes shift that is observed ( ~ leV for Si) upon band-edge excitation (i.e. at 
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the absorption onset (~ 4eV for Si)). This contrasts with "direct" nanocrystals 
semiconductors which have a negligible Stokes shift at the band-edge. 
It is at this point that an explanation of "indirect" nanocrystals as being "direct"-
like breaks down. Straightforward explanations due to an excited state lattice relaxation 
have been ruled out as being too minor an effect ( ~ 100 me V shift for Si) (Martin et al, 
1994). The most successful theory which explains this shift has been propounded by 
Allan, Delerue, and Lanoo (1996, 1999) as well as Nayfeh et al (1997). They posit the 
existence of a self-trapped exciton (STE) (most likely on the surface), which is stabilized 
for sufficiently small Si nanocystals (<1.8nm in diameter) (Wolkin et al, 1999). The STE 
effect may be visualized in figure 1.8. 
Self-Trapped Exciton Effect 
-a* 
-tt-a 
e-
-cr* 
e+ 
-a 
Photon 
absorption 
Dimer Red-shifted 
relaxation emission 
Figure 1.8: Exciton formation occurs upon absorption of a photon (excited state 
dimer). Since the dimers occur on the highly curved surface of a silicon 
nanocrystal, a stable relaxed configuration is permitted, explaining the Stokes 
shift. 
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The nanocrystalline substrate acts as an elastic medium which prevents the complete 
dissociation of the excited dimer, and stabilizes a relaxed excited state dimer which may 
radiatively decay to the ground state. 
The STE emission is not observed in the bulk or for larger crystallites because it 
is a metastable state. Only with quantum confinement and the concomitant blue shift in 
the band-gap found in the smallest crystallites (d<l.8nm) does the STE state become the 
stable excited state from which decay may occur (see figure 1.9). The Stokes shift found 
by this model compares well to the experimentally found shift ( ~ 1 e V). 
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Figure 1.9: Ground and excited state of self-trapped exciton (STE). For sub-
critically sized nanocrystals (d<1.8nm), STE state (outer well on excited state 
manifold) becomes stable (due to confinement blue-shift of inner well). For 
d>1.8nm (dashed well) STE state is only metastable. Dimer separation is in units 
of Si lattice constant 0.54nm (from Allan et al, 1996). 
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Predictions of nanocrystalline Si structures have been made by Monte Carlo 
simulations (Mitas et al, 2000, 2001 ). Stable nanocrystal structures have been found to 
exist for a restricted set of sizes. One of these magic sizes, Siz9H24 is shown in figure 
1.1 0. The excited states of this structure have not yet been examined, but once the 
computational difficulties are surmounted, this ab initio approach will in principle yield 
all desired spectral information. 
Figure 1.10: Quantum Monte Carlo simulation of silicon nanocrystal of magic 
size Si29H24 (from Mitas et al, 2001 ). 
Applications 
Current organic fluorophores (e.g. rhodamine, fluorescein) have intrinsic 
limitations which compromise their usefulness in today' s most demanding fluorescence 
research applications. The current trend towards studying single-molecules by 
fluorescence microscopy techniques puts great performance demands on single 
fluorophores. Perhaps the greatest limitation these traditional organic dyes suffer from is 
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the relatively short time it takes to photobleach them. Under saturating illumination 
conditions these dyes typically last for ms' s. Often it is desired to examine single 
trajectories for much longer however (second-hours). It is on the basis of single trajectory 
analysis that the single molecule techniques demonstrate their real power, and the current 
bottleneck in this line of research is the overly quick photo bleaching of the fluorophores, 
which limits the time window of investigation. 
Semiconductor nanocrsytals are a new class of fluorophores which may be a 
viable alternative to the current organic ones. The CdSe nanocrystals show size 
dependent emission (by effecting the quantum confinement blue shift) with sizes ranging 
from 2nm to 20nm narrow emission profiles from 520nm to 730nm are achieved (15-
20nm width) (Alivasatos, 1996). The broad overlapping absorption spectra present 
another advantage in being able to simultaneously excite all CdSe sizes present in a 
sample by a sufficiently blue excitation source. Such improvements are offset by 
significant disadvantages though. Namely, the fluorescent intensity blinks on and off 
intermittently (Efros and Rosen, 1997, Shimizu et al, 2001 ), and the excited state lifetime 
is long (~100 ns) and variable (Nirmal et al, 1995). 
The Si nanocrystals studied in this work overcome these disadvantages. However 
sufficient control over the manufacturing process has yet to achieve the desired control 
of nanocrystal size which would give researchers a palette of fluorophores to work with 
(this research is in progress by Nayfeh et al). The establishment of porous silicon 
luminescence with a rainbow of colors (Y amani et al, 1997) makes this research 
promising though. Finding a method which suitably passivates the surface for use in 
aqueous solutions as well as being amenable to linking with biomolecules is another 
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important challenge which has almost been solved (work in progress by D. Eckhoff, J. 
Sutin, E. Rogozhina, and P. Braun). This approach involves coating the Si nanocrystal by 
a carbon chain (4-5 atoms) terminated by a carboxylate group, which presents a reactive 
site suitable for linking with treated DNA. 
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Chapter 2: Production and passivation of Si nanocrystals 
Outline 
This chapter outlines the advances in porous silicon surface quality and 
uniformity by recent techniques that have made the production of uniformly sized silicon 
nanocrystallites possible. Evidence establishing the existence of Si nanocrystals by 
chemical analysis and electron microscopy performed by other researchers on similar 
samples will also be mentioned. Then, the method of producing the ultra-uniform, ultra-
small crystallites and the various techniques to chemically passivate their surfaces will 
be discussed. 
Introduction 
The silicon nanocrystals studied herein have been prepared by the Nayfeh group 
(J.Therrien, G. Belomoin, S. Rao, and A. Smith). The method used was developed by 
Yamani et al (1996) which generates a porous silicon layer by a novel technique which 
includes the oxidant H202 in the wet etching bath, and uses a high etching current (up to 
150mA/cm2). The resultant technique greatly improves the uniformity of the porous 
surface, producing a very thin fluorescent layer (5-10nm) of interconnected crystallites 
less than 2nm in size, in a thin porous layer of pore sizes from 4-5nm. This is a 
significant improvement to the previous state of the art which produced porous layers 
1 00-200nm deep consisting of a convoluted web of interconnected crystallites ranging 
from several nm' s to tens of nm' s in size, separated by pores of sizes ranging from tens of 
nm's to hundreds ofnm's (Cullis et al, 1997). By sonicating the highly uniform porous 
19 
silicon surface produced by the Nayfeh group, the constituent crystallites were broken 
off, to form a colloid of Si nanocrystals (Akcakir et al, 2000). FCS measurements by 
Akcakir et al, as well as TEM measurements by Belomoin et al indicate that the colloid 
formed consists of crystallites 1-2nm in size. Intriguingly, simulation results by Mitas et 
al (2001) show a stable configuration of silicon nanocrystallites 0.9nm in size ('magic' 
configuration Sh9H24), when computationally 'etched' from a crystalline precursor. 
Porous Si preparation 
A (1 00) oriented boron doped single crystal of silicon (1-1 0 Qcm) is anodized in 
an H202 and HF acid bath (30 % H202, 49% HF and Methanol in a 2:1:2 volume ratio). 
As an anodic current is introduced (130mA/cm2) the silicon crystal (cut into a 2 em wide 
by 10 em long piece) is advanced into the etching bath lengthwise at about lmmlhour 
(see figure 2.1). Since the etching current is maximal at the meniscus, its slow advance 
makes a more uniformly etched silicon surface possible. The etching of the silicon is 
catalyzed by the externally supplied anodic current. The steps in the anodization process 
may be summarized as follows: 
1. HF and anodic current removes oxide layer of silicon, leaving hydrogen 
passivated surface, 
2. H202 reoxidizes surface. 
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The reoxidized surface is then stripped off again by HF and anodic current. It is thought 
that the interaction continues until the local curvature produced on the etched surface is 
too high to allow H202 oxidation, resulting in a completely hydrogen passivated porous 
surface. Typical etching runs last several hours. 
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Figure 2.1: Diagram of traveling meniscus anodizing chamber. The anode is the 
silicon wafer making electrical contact to the current source, while the cathode is 
a platinum wire. 
Once the etching is complete, the treated silicon wafer is put into a solution of 
acetone and sonicated. This colloid of crystallites so formed is then filtered by a 0.2J.U11 
teflon filter (Anotop 10, Whatman, Ann Arbor, Ml) to remove any large chunks present. 
The resulting solution yields a colloid of crystallites -1-2nm in size. Evidence that 
crystallites of this size regime is achieved comes from: i) electron microscopy, ii) GPC 
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(gel permeation chromatography) (private communication, E. Rogozhina), and iii) FCS 
(fluorescence correlation spectroscopy) (chapters 4 and 5). 
Si nanocrystal passivation 
The HF in the etching bath ensures that the sample is hydrogen passivated. Recent 
reports however indicate that this hydrogen layer is very short lived when exposed to the 
atmosphere (Wolkin et al, 1999), with an oxide layer starting to form within minutes of 
exposure. Apart from this sensitivity, a more pressing issue is the hydrohobicity of the 
hydrogen passivated nanocrystals. In an aqueous solution hydrogen passivated 
nanocrystals aggregate with time, forming a cloudy suspension. To solubilize the 
nanocrystals in more polar solvents than acetone, passivating the nanocrystals with 
different chemical groups was tried. 
1) Passivation with oxygen: After the regular etching ofthe porous silicon wafer is 
completed, the wafer is dipped in a solution ofH202 to oxidize the surface for several 
hours. The oxidized surface is then sonicated in water or an alcohol to disperse the coated 
crystallites into solution. FTIR spectra indicate Si-H stretching modes replaced by Si-0 
stretching modes (Belomoin et al, 2000). The wet oxidation method used is expected to 
be superior to high temperature oxidation methods which may consume the core. 
2) Passivation with butyl-amine: The hydrogen passivated porous Si wafer is first 
sonicated in chlorobenzene. This colloid is then degassed and subsequently saturated with 
Ch gas at -10 °C. The reaction mixture is stirred for 24h at room temperature. This 
22 
effects the replacement of the surface hydrogen with chloride atoms. The solvent was 
then evaporated off, after which butyl-amine (C4HtNH2) was added to the dried sample. 
Next, the solution was heated to 90°C and stirred for 24h at that temperature. After this 
reaction, the excess butyl-amine was evaporated, and the newly coated dry nanocrystals 
were dissolved in heptane (Rogozhina et al, 2001). 
To atomically characterize the passivated nanocrystals, a few drops were placed 
on a Si substrates which was dried under air or N2 to yield a thin film several microns 
thick. XPS (X-ray photospectroscopy) measurements yielded Nand C peaks at --400 and 
300 eV. TheN peak being consistent with a Si-N linkage. FTIR (Fourier Transform 
Infrared) spectra showed a characteristic Si-N stretching mode at 860 cm-1• A N-H peak 
(3300 cm-1) as well as peaks characteristic of C-H stretch vibrations in butyl groups were 
also detected (2800-3000 cm-1). In this case butyl-amine was attached but this method 
may be generally applicable to any group attached to an amine. In particular a diamine 
group may in principle be attached to the silicon nanocrystal, and with its free side it may 
be linked to another particle/biomolecule/surface of interest by previously established 
techniques. 
3) Passivation with pentyl group: By putting hydrogen passivated nanocrystals in a 
solution of xylene at 140°C the hydrogen on the Si nanocrystal surface is radicalized, 
forming Si· +·H. Upon addition of 1- pentene (10% by weight), the double bond may 
attack the Si and form a covalent bond. This reaction is continued for a period of 24h. 
23 
4) Passivation with a carboxylate terminated alkyl chain: This reaction is similar to the 
above except that the alkene introduced has a carboxylate group attached to the other end 
(i.e. the double bond C=C and OH-C=O groups are on opposite ends of the molecule). 
The hyroxide on the carboxylate group is protected by t-butyl or a methyl group to 
prevent side reactions. This protecting group is then titrated off. The carboxylate group 
of the particle may then be readily attached to biomolecules/surfaces by known methods. 
FTIR measurements on Si passivated by methods 3) and 4) yield evidence of successful 
coating (to be published by E. Rogozhina, P. Braun). 
Passivation method 1) and its chemical characterization was preformed by the 
Nayfeh group (J. Therrien, G. Belomoin, S. Rao, and A. Smith, Dept. of Physics, UIUC) 
while the methods 2), 3), and 4) were performed and the yield chemically analyzed by E. 
Rogozhina and P.V. Braun (Dept. of Chemistry, UIUC). 
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Chapter 3: Fluorescence & absorption spectroscopy of Si nanocrystals 
Outline 
This chapter details ensemble measurements of the silicon nanocrystal colloids' 
fluorescence. Two well defined peaks in the fluorescence emission for all preparations 
provide evidence that there are only 2 species (or excited states) present. A low 
temperature fluorescence measurement will also be described, suggesting evidence for a 
surface model of the fluorescence. Finally, absorption spectra for all the preparations 
will be presented, and the evidence indicating quantum confinement that emerges from 
them will be discussed. 
Introduction 
The emission-excitation matrices of the nanocrystal colloid were measured to 
more completely characterize their fluorescent properties. Visually presenting the data 
allows one to compare the 'fingerprints' of each preparation more readily. Simply 
comparing emission spectra with a common excitation energy may be misleading since 
absorption bands may differ in the different preparations. Similarly, comparing 
excitation spectra collected at a common wavelength must be justified by a common 
emission band. The excitation-emission matrix (or emission-excitation matrix) presents 
all this information in one plot (where the height of the plot is proportional to the detected 
intensity, and is corrected for light-source fluctuations, detector sensitivity and 
monochromator efficiency). 
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Emission-excitation matrices are collected by collating emission spectra, collected 
at a series of excitation wavelengths, while excitation-emission matrices are collected by 
collating excitation spectra, collected at a series of emission wavelengths. Both contain 
equivalent information. To shorten collection time while maintaining as much detail of 
the emission spectra as possible, emission-excitation spectra were collected such that the 
emission monochromator was stepped at 1 or 2 nm increments, while the excitation 
monochromator was stepped at 1 Onm increments. 
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Figure 3.1: Diagram of PC1 fluorescence spectrometer with Xe arc light source. 
Light detection is via photon counting PMTs, with a reference detector measuring 
the fluorescence from a quantum counter (rhodamine) to correct for the spectral 
output of the arc lamp. Holographic monochromators are in the excitation and 
emission arms. 
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A schematic of the fluorimeter used (PC 1, ISS, Champaign, IL) is shown in figure 
3.1. The light source was a 300W xenon arc lamp powered by ILC Technology (PS300-
l) current supply (set at 18A). The concave, aberration corrected holographic 
monochromators have 1200grooves/mm gratings, with the excitation monochromator 
blazed at 250nm, and the emission one blazed at 450nm. This is to increase the free 
spectral range of the excitation monochromator in the UV and that of the emission 
monochromator in the blue. 
1 mm slit widths were used on the excitation and emission monochromators, 
which gives a bandwidth (FWHM) of 8nm. The reference and sample channel photon 
detectors were Hamamatsu R928 photomultiplier tubes (Hamamatsu, Japan) which were 
operated in photon counting mode. The reference arm of the fluorimeter had a quartz 
cuvette of very concentrated rhodamine which was front face illuminated by a beam-split 
beam. Since all incident photons were absorbed in this arrangement, and the quantum 
yield of rhodamine is constant from 200-600nm, its fluorescence emission (which is 
independent of excitation wavelength) acted as a quantum counter, allowing the 
characteristic output of the xenon arc lamp and its fluctuations to be corrected for while 
avoiding the color effects of the PMT detector. Polarizers were not used in the 
experiments; unpolarized emission monochromator corrections were used since the 
silicon nanocrystal fluorescence is totally depolarized (i.e. lifetime>> rotational 
correlation time ( ~ 200ps) ). Data collection was automated by the use of an ISS-specific 
macro program. 
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Low-temperature cell for fluorescence spectroscopy 
The purpose of taking low temperature measurements is to better characterize 
mechanism ofthe fluorescence. At room temperature, the vibrational states of the ground 
electronic state are averaged over, however at low temperature, the thermally activated 
occupation of the higher vibrational states become much less probable (i.e. energy scale 
of a thermal bath at 50K is ~5meV <<vibrational quanta). This allows the vibronic 
structure to be much better resolved, and characterized. 
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Figure 3.2: Low-temperature cuvette holder assembly with Si diode temperature 
sensor. Copper cuvette holder was mounted onto cold finger of cryostat, which 
was surrounded by a windowed vacuum shroud, to allow fluorescence 
measurements. 
Low temperature fluorescence measurements were made by use of a modified 
compact cryostat (LT-3-110, IGC-APD Cryogenics Inc., Allentown, PA), which fit into 
the sample compartment of the above PC1 fluorimeter (i.e. cuvette holder assembly on 
PC 1 is removable). The cryostat consisted of a vacuum shroud with quartz windows 
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Figure 3.3: Schematic showing cryostat consisting of cold stage/finger, vacuum 
shroud, and vacuum insulated transfer line, as well as pressurized liquid helium 
dewar. 
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surrounding a cold finger upon which was mounted a custom made copper sample holder 
designed to hold a 4mm diameter quartz cuvette filled with the sample (see figure 3.2). 
The cold fmger of the cryostat was conductively cooled by liquid helium, provided by a 
vacuum jacketed transfer line which connected it to a liquid helium dewar (see figure 
3.3). A vacuum pump and cold trap (liquid nitrogen immersed) were each used to 
evacuate the sample chamber surroundings, and remove water vapor. A similar setup 
was used to evacuate the transfer line insulating jacket. Pressures on the order of 1 o-3 -
104 torr were achieved. Without vacuum insulation liquid helium transfer cannot take 
place. 
To facilitate the transfer of liquid helium, pressurized helium gas was fed into the 
dewar (~5 psi) to create a force on the liquid helium surface inside. Using gases with 
higher freezing temperatures (e.g. nitrogen) can cause the dewar valve to freeze, and 
should be avoided. To prevent condensation on the vacuum shroud windows on the outer 
surface of the cryostat, nitrogen gas was blown over them. 
The temperature of the cold-fmger was measured by a silicon diode temperature 
sensor DT-670 (Lake Shore Cryotronics, Westerville, OH) (see figure 3.2) which was 
electrically connected by a 4-terminal contact (2 terminals acted as a constant current 
source, while the other 2 terminals were connected to a digital multimeter (Fluke 75, 
Fluke Corp., Everett, WA)). A 9V battery served as a constant current source at lO~A. 
The calibrated temperature dependence of the diode drop voltage was used to measure 
the cold-fmger temperature (±IK). 
The sample of nanocrystals was measured using hexane as a solvent. Hexane is a 
common solvent for low temperature fluorescence work (Norris and Bawendi, 1996). 
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The filled quartz cuvette was capped with a rubber stopper to prevent evaporation upon 
evacuation. The cryostat itself was mounted on a stage with an adjustable vertical height. 
The position of the base and the height of the cryostat in the sample compartment was 
adjusted to maximize the detected fluorescent signal, upon which time it was clamped to 
the table with a large C-clamp to prevent movement. 
Results 
Pentylated Si nanocrystal fluorescence 
Silicon nanocrystals, passivated with pentyl groups (see chapter 2), dissolved in 
hexane, were measured at room temperature in the above low temperature cell. The 
emission-excitation matrix that was measured is shown in figure 3.4. Note that the 
emission band red shifts as the excitation wavelength is red-shifted, i.e. at an excitation 
wavelength of 290nm, the emission peak is at 340nm, while at an excitation wavelength 
of 330nm, the emission peak is at 370nm. This behavior is a classic signature of a 
heterogeneous solution since a combination of species would have an excitation 
dependent emission maximum because the fractional contribution of each population of 
molecules is excitation energy dependent, while a homogeneous solution should have an 
emission band independent of excitation energy. The width of the emission is on the 
order of 50nm. 
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Figure 3.4: Emission-excitation matrix of pentylated Si nanocrystals' 
fluorescence in hexane. Emission peak red-shifts as the excitation energy red-
shifts. 
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The same sample, at 45K yielded the following matrix (see figure 3.5). 
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Figure 3.5: Pentylated Si nanocrystal emission-excitation matrix measured at 
45K. Two distinct peaks are resolved, along with substructure in each peak due 
to vibronic coupling. 
Two emission peaks are clearly discemable indicating there are 2 species present. The 
structure evident in the bluer peak is due to the different vibrational excited states in the 
electronic ground state. 
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Figure 3.6 shows cross-sections of the emission-excitation matrix above at 
various excitation wavelengths. There are 2 discernable peaks, one between 320 and 
360nm, the other between 360 and 400nm. Each peak is modulated further, with local 
maxima at 329 and 341nm for the 1st peak, and at 376 and 396nm for the 2"d peak. The 
energy difference between each pair of sub-peaks is equivalent to ~ 160me V (i.e. between 
the 330 and 340nm sub-peaks and between the 376 and 396nm sub-peaks). This energy 
is strikingly similar to the stretching mode of the silicon carbon bond in Si-C-R bond 
(1250-1175cm-1), where R is an alkyl chain. 
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Figure 3.6: Pentylated Si nanocrystal (at 45K) emission spectra for various 
excitation wavelengths. Sub-peaks are separated by -160meV, which is similar 
to the stretching frequency of the Si-alkyl bond. 
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Evidence for surface fluorescence state 
The model put forth by Allan, Delerue and Lanoo (1996) and extended by Nayfeh 
et al (1997) indicated that for critically small silicon nanocrystals, surface silicon-silicon 
bonds, because of confinement and the extreme curvature of the surface (resulting in a 
decreased elastic response for the surface dimers ), developed otherwise metastable 
fluorescent excited states. 
The low-temperature fluorescence spectra of the alkylated silicon nanocrystals 
indicate that the fluorescence emission is modulated by the silicon-carbon bond 
stretching vibration on the surface, suggesting that it is the surface silicon atoms that 
mostly contribute to the fluorescence. This evidence would support the surface 
fluorescent state initially hypothesized by Allan et al. 
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H-passivated and butyl-aminated Si nanocrystal fluorescence 
Room temperature fluorescence ofH-passivated and butyl-aminated silicon 
nanocrystals in propanol was measured. Its emission-excitation matrix is shown in figure 
3.7 and 3.8. Here we see that even at room temperature there are two well defined peaks, 
and that the emission is slightly red-shifted with respect to the alkylated silicon 
nanocrystals. 
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Figure 3. 7: Emission-excitation matrix for H-passivated Si nanocrystals at 300K. 
Two peaks are evident at room temperature. 
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Figure 3.8: Surface plot of emission-excitation matrix for H-passivated Si 
nanocrystals at 300K. 
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The emission-excitation matrix for the butyl-aminated silicon nanocrystals is shown in 
figures 3.9 and 3.10. 
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Figure 3.9: Emission-excitation matrix for Butylaminated Si nanocrystals at 300K. 
This sample shows two distinct peaks as well, similar to the hydogen passivated and low-
temperature alkylated samples. It is likely therefore that this two-peaked distribution is a 
property of the silicon nanocrystals before treatment. 
The lifetime heterogeneity of the two peaks will be explored in chapter 7. 
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Figure 3.10: Surface plot of emission-excitation matrix for butyl-aminated Si 
nanocrystals at 300K. 
Absorption measurements 
The optical density of the above silicon nanocrystal samples were measured in 
solution with a Perkin-Elmer Lamda 40 (Wellesley, MA) spectrophotometer. 
The absorption spectra of the three Si nanocrystal preparations are shown in 
figure 3.11. The spectra have been arbitrarily scaled to simultaneously show their 
structure. The solvent absorption has also been subtracted from each spectra. 
The alkylated silicon nanocrystal solution (Si-pentyl) absorption is given by the 
black curve (in figure 3.11). There is a distinct peak at 270nm, corresponding to the UV 
peak in figure 3.4, as well as a weak shoulder from 300-340nm. This corresponds to the 
shoulder detected for excitation in this range (figure 3.4). The direct-like transition has 
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an onset at ~240nm (5.2eV), which is blue shifted from the direct gap for bulk Si of 
3.3eV. 
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Figure 3.11: Absorption spectra for H-passivated Si nanocrystals (red curve), 
pentylated Si nanocrystals (black curve), and butyl-aminated Si nanocrystals 
(green curve). 
The hydrogen passivated sample is shown by the red curve (in figure 3.11 ). Here, 
two distinct peaks in the absorption spectra are resolved, with peaks at 270nm (4.6eV) 
and 330nm (3.8eV). The ratio ofthe optical density of the peaks is 4.3, while the ratio of 
the fluorescent emission peaks is 1.6. If each peak corresponds to a single species, with 
no dark species present, then it must be concluded that the quantum yield of the redder 
peak is ~4.3/1.6=2. 7 times higher. As for the pentylated sample, there is a very rapidly 
rising absorption edge, starting at around ~230nm (~5.4eV). 
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The green curve (in figure 3.11) shows the absorption spectra for the butyl-
aminated spectra. The absorption peak is red-shifted with respect to the other 
preparations (~295nm, ---4.2eV). There is also a broad shoulder, centered at about 350nm 
(3.5eV), corresponding to the redder peak observed in figure 3.9. The fact that a valley in 
the absorption spectra is not observed, as it is in the excitation dimension of the emission-
excitation matrix (in figure 3.9), indicates that there is heterogeneity in the sample, which 
consists of species in the 'valley' (between 330-370nm) having a smaller quantum yield 
(or having an additional dark fraction). This effect could be an artifact of the butyl-
amination procedure, since for the untreated H-passivated nanocrystals a valley is seen in 
the absorption spectrum. The absorption of the butyl-aminated nanocrystals, like the 
other preparations, starts to increase beyond its bluest peak, below 270nm. 
Discussion of results 
The high optical absorbance of the nanocrystals in the UV is characteristic of bulk 
crystalline silicon (Sapoval and Hermann, 1995), though bands demonstrating high 
optical activity are not. We may attribute the bluest absorption band to a crystal-like 
direct transition, while the two redder bands are qualitatively different bands which 
emerge as a result of high curvature surface bonds opening up radiative states not 
previously accessible. 
We may think of the blue-shift in absorption onset as a quantum confinement 
effect for the direct band-gap transition. As the confining 'box' gets smaller, the 
permissible energy eigenvalues are blue-shifted (absorption onset in bulk Si for direct 
transition is 3.3 eV, while for Si nanocrystals, it is ~5eV). This is the same phenomenon 
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observed for the blue shift in the absorption onset of direct band-gap nanocrystals such as 
CdSe. A naive application of effective mass theory to explain the confinement energy (of 
1.7eV), using effective electron and hole masses of0.5me, gives a confining potential of 
dimension 1 nm. 
The fluorescent mechanism proposed in chapter 1, made use of a surface dimer 
model to explain the optical activity of Si nanocrystals. In addition to this picture, we 
may propose that there is a quantum confinement effect for the direct transition. 
The heterogeneity of the H-passivated sample will be explored further in chapter 
7, by ensemble lifetime measurements, as a function of excitation energy. 
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Chapter 4: Characterizing Si nanocrystals by FCS and PCH 
Outline 
This chapter begins by outlining the techniques ofmeasuringfluorescence at the 
molecular level. By analyzing the fluctuations in fluorescence, it will be shown how 
information like the Si nanocrystal molecular brightness (i.e. the brightness attributable 
to a single Si nanocrystal) and the number density of Si nanocrystals in a colloid can be 
extracted without any a priori information. The theory behind the complementary 
techniques of Fluorescence Correlation Spectroscopy (FCS) and the Photon Counting 
Histogram (PC H) will also be described, as will the experimental apparatus used for 
performing such experiments. Data using these techniques will be presented, showing 
that when using two-photon excitation, the brightness of a single Si nanocrystal is 
comparable to the brightness of a single fluorescein molecule, which is a standard, 
bright, organic fluorophore. Evidence that the size of the Si nanocrystal is comparable to 
the size of a fluorescein molecule will also be shown. 
Motivation 
Fluorescence Correlation Spectroscopy (FCS) and Photon Counting Histogram 
(PCH) are powerful techniques for characterizing the molecular property of brightness 
and measuring the absolute number density of a solution/colloid of unknown quality and 
quantity. Indeed it is probably the only ab initio method for characterizing these 
quantities. Usual methods of measurement involve chemical purification first, after which 
a known mass is dissolved and studied. Measurements on the ensemble are then 
interpreted, assuming that the properties under study are homogenously distributed. In 
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situations where chemical purification is not possible or feasible traditional methods of 
analysis fail. The conventional way to measure the number density of a solution of 
absorbers (including fluorophores) for example is to measure its optical density. With an 
a priori knowledge of the molar extinction coefficient and the assumption of its 
homogenous distribution (generally valid) the number density may be calculated. 
However, with a solution of unknown absorbers, a given optical density can not 
unambiguously yield the number density: It may be due to many weakly absorbing 
molecules/particles or a few strongly absorbing ones or some intermediate distribution. 
FCS and PCH methods however can directly measure these quantities by measuring the 
molecularly based fluctuations and yield information impossible to attain by any other 
method, as long as all species under consideration are fluorescent. 
Method 
Both FCS and PCH methods are based on analyzing the fluorescent signal 
fluctuations arising from a microscopic sub-volume. Let us assume that we can somehow 
count particles which diffuse into and out of a microscopic sub-volume which is in a 
macroscopic reservoir (see figure 4.1). 
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Figure 4.1: The reservoir of diffusing particles may be studied by measuring a 
microscopic sub-volume. 
Let us count the number of particles we detect at regular intervals: N1 at t1, N2 at t2. If we 
plot this out we will see that the standard deviation will be proportional to ..jN, where 
N is the average of the measurements (see figure 4.2). In fact, the occupation probability 
has a Poissonian distribution. 
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Figure 4.2: Number of particles N detected in microscopic sub-volume as a 
function of time. Because detection events are independent and the average 
occupation number is small, the occupation probability has a Poissonian 
distribution (i.e. its average value is equal to its standard deviation). 
This is the conceptually most straightforward way to use fluctuations to determine 
number density. Experimentally, however other methods of analysis are preferred since 
we cannot directly see particles go into or out of a well-defined sub-volume, we usually 
must infer their presence in the sub-volume from a fluorescent signal. By selectively 
causing optical excitation in the sub-volume, fluorescent absorbers may signal their 
presence. Experimentally our measurements involve detecting fluorescent intensities h 
h ... whose average is land standard deviation is fJ . This information alone is 
insufficient to determine the number density of the fluorophores in solution since we do 
not know the intensity contribution due to a single fluorophore. A deeper theory is 
needed. 
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FCS (Fluorescence Correlation Spectrsocopy) 
Autocorrelating the time dependent fluorescence signal F(t) gives us, 
limH• ~ f(F(t)- F)· (F(t+ r)- F)dt (OF(t). OF(t +r)) 
G(r)= 0 =--'-----------
( 
1 1 J2 (F(t)/ limHoo t JF(t)dt 
the autocorrelation function (Mag de et al, 1972). If the size and shape of the excitation 
and detection volumes are known, G( r) yields both the diffusion coefficient of the 
diffusing fluorophore, and its number density, by performing a model dependent fit. A 
typical autocorrelation curve for a diffusive process is shown in figure 4.3. 
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Figure 4.3: A typical autocorrelation curve of a diffusion dependent relaxation 
process (inset has linear time base). Intercept at t=O is inversely proportional to 
the number density of diffusers, while the decay time is related to the diffusion 
coefficient. 
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The 2 main features to note are the intercept, G(O) and the decay time To, where To is 
defined such that G( To) =112 G(O). Increasing dilution is reflected in an increase in G(O), 
while an increase in the size of the diffuser is reflected in a longer To. That is, 
fluctuations will be more dominant for increasing dilution (larger G(O)) and more 
persistent for larger, more slowly moving diffusers (larger To). 
The shape of the autocorrelation may be readily predicted using: i) our knowledge 
of the Green's function for the diffusion equation, ii) our knowledge of the shape of the 
excitation volume (there being no detection volume effects necessary to consider in the 
experiments reported on herein). The Green's function (also called the propagator) is the 
solution to the following equation, 
known as the diffusion equation. The solution is given by, 
-(i'-i'o)2 I f _ 1 j4Jd)(t-t0 ) 
- (41Z"DT)M e . 
It gives the probability of detecting a fluorescent particle at position r and at time t if it 
was at position fo at time to. Ifthe average concentration offluorophores is (c) 
particles/volume, then the concentration fluctuations have the following autocorrelation 
function, 
( ) (--)4: C - r-ro (&(r,t)&(r',t + T)) = 3 e 4Jd)T. (4.7rDT)% 
We then let F (r, t) be the intensity of the fluorescent particle at position r and timet. 
For an open sub-volume selected by a 2-photon excitation significant 2-photon 
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absorption (and hence fluorescent emission) only occurs at the focal spot where the 
photon flux density is the highest. For a diffraction limited spot the intensity profile at the 
focal spot is given by I(r ), and the fluorescence of a fluorophore excited by two-photon 
absorption at position r is proportional to I 2 (r ). The fluorescence fluctuation 5F (r , t), 
is given by, 
oF(r,t) = F(r,t)- (F)= al 2 (f)oc(r,t), 
where a represents the two-photon cross-section, fluorescence quantum yield, and the 
light collection and detection efficiency, and 
The shape of this excitation profile can be modeled by an axially symmetric 
Gaussian-Lorentzian function (point spread function PSF GL) (see figure 4.4), 
where, 
a/ (z) = mg (1 + (_!_J 2 ), z = 1rmg (~is the radial beam waist), and p 2 = x 2 + y 2 • 
z R A R 
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Figure 4.4: Gaussian-Lorentzian model of the squared intensity distribution at the 
focal spot. Axial dependence is Lorentzian while radial dependence is Gaussian. 
An analytically simpler model is the 3-d axially symmetric Gaussian function (see figure 
4.5) given by, 
where zo is the axial beam waist and ~-
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Figure 4.5: 3 dimensional Gaussian (axially symmetric) model of the squared 
intensity distribution at the focal spot. 
The autocorrelation function G( t) is then calculated to be, 
(t5F(r,t). t5F(r',t + r)) limH"' !a2 JI2 (r)I2 (r')&:(r,t)&:(r',t + r)arar'dt G(r)= =---=-1----,------=--------
(F(r,t)/ (a(c) JI2(F)arJ 
a2 JI2(r)I2(r') (c) 3 e-cr-r'l/{tdJ"dfar' 
(4JZDT)% 
=------------~--~--~---------(a(c) JI2(r)arJ 
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Asr~, 
1 -<r-r')2 I 
---3-:--e / 4JZDT ~ l5(r- r') and so, 
(4JZDr)% 
1 JI4 (r)ar G(O)=- , (c) (JI 2 (r)ar J 
where, 
G(O) is therefore proportional to 1/N, where the reference volume is VREF, which arises 
from the volume factor which makes the above integrals dimensionless quantities, and y 
is the dimensionless 'shape factor' which only depends on the functional form of the 
excitation profile. 
Therefore G(O) is given by, 
r 
G(O)= V; = ;. 
VREF 
The autocorrelation function at time 0 thus contains information on the number of 
particles in the excitation reference volume V REF on average. For a Gaussian-Lorentzian 
profile, y=0.076, and for the 3-d Gaussian profile, y=0.354. 
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The general expression for G( t) is also dependent on the model chosen for the 
excitation profile. For a 3-d Gaussian excitation profile the autocorrelation function can 
be integrated to give, 
while for the Gaussian-Lorentzian profile, an analytic solution is not known, though a 
valid numerical approximation may be made by a power series expansion (Berland et al, 
1995). 
The decay time scale of the 3-d Guassian model (for 2-phton excitation) is set by 
the ratios 8~ and 8~ . Without a reference diffusion standard, only these ratios may be 
(J)o Zo 
extracted from the fit. 
The diffusion coefficient for planar molecules like fluorescein are most accurately 
represented as tensor quantities, though a scalar representation will be used as a 
simplifying assumption. By measuring the autocorrelation decay of a fluorophore with a 
known effective scalar diffusion constant D (e.g. fluorescein: D=300(J..tmi Is), the beam 
size parameters l4J and z0 may be extracted. This procedure then allows unambiguous 
diffusion coefficient determinations by fixing l4J and zo in subsequent fits of the unknown 
sample autocorrelation decay to determine its diffusion coefficient(s). By using the 
spherical diffuser approximation, an estimate of the size of the unknown particles may be 
achieved by using the Stokes-Einstein relation, 
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where R is the radius of the particle, and 17 is the viscosity of the solution. 
PCH (Photon Counting Histogram) 
While the FCS technique analyzes the persistence of the fluctuations in time, the 
PCH analysis routine utilizes the complementary information contained in the 
distribution of the amplitudes of fluctuation (Chen et al, 1999). The time ordering of the 
fluctuations are ignored in this approach. PCH fits yield the number density and the 
brightness per molecule or particle (in units of counts/molecules/s) an important figure of 
merit for fluorophores. The PCH method uses the same experimental time trace as FCS 
as an input i.e. a trace of the number of photons detected at successive intervals of 
duration tit (FJ(tit), F2 (2tit), F3 (3tit), ... ). The histogram of the number of counts detected 
in an interval tit is called the photon counting histogram. The prediction of the shape of 
this curve is based on 2 principles: i) Mandel's formula which indicates how to treat a 
distribution of emitters which have differing average intensities, and ii) knowledge of the 
functional form of the excitation profile which is what defines the emitters' average 
intensity distribution used in i). 
Mandel's formula is: 
P(k) = f(a/2(r)~k e-aJ2(i') p(r)dr, 
Where a/2 (r) is the average number of photons collected during an interval tit for a 
fluorophore at position r . i (r) is the square of excitation profile, since absorption is a 
2-photon process under the conditions studied, and a contains the 2-photon cross-section, 
quantum yield and collection/detection factors. 
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The simplest photon counting histogram is due to an immobilized fluorophore 
(i.e. p(r) = o(r- r0 ) ), it will be a Poissonian distribution. If the fluorophore is at 
position fo in the excitation sub-volume, the average rate of fluorescent photons detected 
during an interval L1 t will be given by s(r0 ) = ai 2 (r0 ) • The histogram of the number of 
counts in a given time internal L1t is given by the following distribution, 
where k is the number of photons detected in time interval L1t, and Pk (r0 ) is the 
probability of such an occurrence given that a fluorophore is fixed at position fo. Now 
let us consider one fluorophore to freely diffuse in a volume Vo. The probability of this 
particle to be in an infinitesimal sub-volume dV is dV . Since the particle may now 
Vo 
sample different parts of the excitation sub-volume, it is necessary to take an average 
according to Mandel's formula. The answer obviously depends on the functional form of 
the excitation profile used to approximate the experimental excitation profile. For a 3-d 
Gaussian profile (see page 50), for which a particle will have a maximum of e counts per 
L1t (when at position (0,0,0)), the histogram will be as follows, 
1 2 <X) 
p_<I) (k- V s) = fl(i)o Zo Jr(k &e -4x2 )dx 
3dG ' o ' Vo 2 . k! o ' ' 
for k > 0, where y is the incomplete gamma function. It can be shown (due to the 
independence of the stochastic variables) that the result for a container containing N is 
simply the convolution of the 1 particle distribution N times given by, 
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Experimentally however the number of particles in a microscopic volume (i.e. a volume 
much larger than the excitation sub-volume, though much smaller than the reservoir) will 
not be constant. This number density too will fluctuate, its distribution being given by a 
Poissonian function, 
-N -N 
P-(N)= N e 
N N! ' 
which indicates that on average N particles are in the volume Vo, with the probability 
that there are N in it at any given time being given by P i1 ( N) . Therefore the expected 
photon counting histogram from a solution with number density N and brightness e is 
Vo 
given by, 
<X) 
ll(k;N,V0 ,&) = LpCN)(k;V0 ,&)Pii(N). 
N=O 
The theory may be easily generalized to solutions of several species with brightnesses e1, 
e2 and the number densities N1 , N 2 , ••• (Muller et al, 2000). 
.... v; v; 
0 0 
As we can see the brightness e and number density N have a different functional 
Vo 
dependence in the expression for ll, and from this we should expect to be able to 
distinguish a concentrated solution of dim fluorophores from a dilute solution of bright 
ones of equivalent intensity. This is indeed the case, with dilute solutions demonstrating 
more super-poissonian behavior than concentrated solutions. By fitting the 
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experimentally measured histogram to II, an estimate for the brightness e and number 
density : may be obtained. 
, 0 
Experimental method 
The fluorescence measurements were performed on a 2-photon microscope 
constructed by modifying the excitation port on a Zeiss Axiovert (Jena, Germany) to be 
able to back fill a high numerical aperture objective (Zeiss, 63x, NA 1.4 or 40x, NA 1.3) 
with a near-IR pulsed laser source. (Mira 900, Coherent, Palo Alto, CA). The Mira 900 is 
titanium-sapphire passively mode-locked laser which was pumped by either a solid-state 
diode pumped laser (Verdi V-5, Coherent) or an Ar-ion laser (Innova, Coherent) in the 
green band, and whose output is a 80MHz pulse train ( ~ 150fs FWHM pulse width) 
which is tunable from 730-980nm with J1A. ~ 6nm FWHM. Highly focused, high peak 
power illumination is necessary for efficient 2-photon absorption. Typical diffraction 
limited 2-photon excitation sub-volumes have a radial beam waist y ~0.35f.lm and an 
axial beam waist of ~2f.lm with 780nm excitation (3-d Gaussian approximation). Figure 
4.6 shows a diagram of the setup. The microscope was set up in epifluorescence mode 
with the emission passing through a dichroic (650DCSP, Chroma Technologies, VT) and 
an emission filter (BG39, Chroma Technologies, VT). The total emission transmission 
efficiency (dichroic+ emission filter) is given in figure 4.11. On the output port 1 or 2 
detectors were used; either APDs (Avalanche Photodiodes, EG&G, Quebec) or PMTs 
(photomultiplier tube, HC 120, Hamamatsu, Japan). An emission dichroic box enabled a 
beam-splitter, dichroic, or a polarizing beam splitter to partition the light to each detector, 
as desired. 
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Figure 4.6: Diagram of the 2-photon FCS instrument. High peak intensity and 
high NA focusing allow efficient 2-photon excitation in a well defined excitation 
volume. Detection is in photon counting mode with either PMT or APDs. 
The PMT signal was fed to a preamp which was then connected to a 
discriminator, whose digital TTL output was connected to a PC based data acquisition 
board (see Eid et al, 2000) which is capable of detecting photon arrival times with a O.lJ.ts 
time resolution (ISS,Champaign, IL). In the case of APD detectors, the output TTL signal 
was directly connected to the data acquisition board, though afterpulsing limits the use of 
APDs to time resolutions of 1 JlS, unless 2 or more detectors are cross-correlated. The 
whole record of the photon arrival times (or number of photons per bin, depending on 
the mode of operation) is stored in computer memory, with analysis (FCS and PCH) 
being done subsequent to acquiring the data. Fits are performed with Globals software 
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(Globals Unlimited, Champaign, IL) which also allows for multiple model and multiple 
species fitting. 
Results 
Excitation Volume Calibration: An example of a calibration autocorrelation 
measurement is given in figure 4.7 for 2-photon excitation at 780nm. 
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Figure 4.7: Autocorrelation curves of fluorescein in TRIS buffer (50mM) used for 
calibration purposes (2 data sets shown, along with the normalized residuals). 
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In the fit the radial beam waist ror =0.35±0.1 11m (radius at which intensity is e-2 of 
maximum), assuming an axially symmetric Guassian-Lorentzian excitation volume. 
Brightness calibration: The PCH analysis allows one to measure the brightness per 
molecule in solution. The unknown sample's brightness was compared to that of a 
fluorophore of known quantum yield, and absorption cross-section. 
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Figure 4.8: Photon counting histogram curves and PCH fits of fluorescein in 
TRIS buffer (50mM) used for brightness and number density calibration purposes 
(2 data sets shown, along with the normalized residuals). 
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Since the probability of excitation is a function of the incident intensity, the brightness 
parameter is intensity dependent. Brightness comparisons must also be color corrected 
(i.e. detection efficiency is wavelength dependent). For fluorescein (pH10) illuminated 
with 20m W of 780nm 150fs pulsed light, a brightness of E = 14000 ± 500 cpsm (photon 
counts per second per molecule) was measured. See figure 4.8 for the photon counting 
histogram plot, the PCH fit, and the residuals. 
Number calibration: The calibration of number density is in principle connected to the 
calibration of the excitation volume, since the FCS and PCH routines yield the average 
number of fluorophores per excitation volume. Thus excitation volume calibrations along 
with the number density measurements can yield an estimate of the absolute number 
density. For the above fluorescein sample, 1.1 ± 0.03 molecules per excitation volume 
was measured. (This corresponds to 2.5 molecules/fl, given a radial beam waist of 
0.35J.tm, and a Guassian-Lorentzian point spread function volume of0.46 J.tm3). 
See table 4.1 below for comparison of concentration measurements using: i) the 
extrapolated G(O) from the fit to the autocorrelation curve, ii) the number density from 
the PCH fit (3-d Gaussian-Lorentzian model). 
Method of number density determination Number density 
G(O) [3-d Gaussian-Lorenztian model, FCS] 3.9± 0.1 nM 
NPcH [3-d Gaussian-Lorentzian model, PCH] 4.0± 0.1 nM 
Table 4.1: Comparison of number density determinations between PCH and 
FCS methods for above fluorescein data. 
61 
The various methods show acceptable agreement (to calculate the number density from 
the PCH fit the volume of the Guassian-Lorentzian point spread function was used, 
whose parameters were found by the autocorrelation fit.) 
H-passivated Si nanocrystals in propanol 
This sample was prepared as outlined in Chapter 2. Using the calibration data from 
above, FCS and PCH fits yielded the following size, brightness and number densities. 
Diffusion Coefficient: The diffusion coefficient was found to be 180 ± 10 11m2/sin 
propanol. This is equivalent to an effective diffusion coefficient in water of 400 ± 20 
11m2/s (TJ(water) I TJ(propanol)= 2.26 cp/1.00 cp at 20°C). From the Stokes-Einstein 
relation, this gives a radius of 0.55 ± 0.03 nm. See figure 4.9 below for measured 
autocorrelation function and fit. 
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Figure 4.9: Autocorrelation curve of H-passivated silicon nanocrystals in 
propanol, along with the normalized residuals of Gaussian-Lorentzian fit. 
62 
The relatively short acquisition time (200 cycles, i.e. about 6 million photons measured) 
explains the relatively poor statistics at short times, while the discontinuity at ~ 1 s is a 
result of the variation in the average signal (due to drifts in laser power, vibrations etc.). 
Brightness: The brightness from the PCH fit yields a = 6000 ± 500 cpsm (see figure 
4.1 0). This number is uncorrected for the efficiency of detection, which is a function of 
wavelength. 
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Figure 4.10: Photon counting histogram data and PCH fit of H-passivated silicon 
nanocrystals, along with its normalized residuals. 
The transmission efficiency of the dichroic box (including dichroic filter, and BG39 
barrier filter) as well as the quantum efficiency of the APD (avalanche photodiode) is 
given in figure 4.11. 
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Figure 4.11: Transmission efficiency of dichroic and emission filter (solid curve) 
and quantum efficiency of APD (dotted curve) as a function of wavelength. 
To correct for the transmission and detection efficiency, let us introduce the 
function p()J, which is the product of the fractional transmission and quantum efficiency 
curves. p(J.) is the fraction of photons within !1 }. of wavelength }. that get through the 
dichroic box and barrier filter, and are detected. If we letfi(J.) be the emission spectrum 
of a fluorophore indexed by i, of unit area, we may assign a detection efficiency Ki 
defined by, 
Ki = Jp (J.)Jj(J.)d}.. 
For rhodamine 6G, K = 0.207, while for the Si nanocrystal sample, K = 0.173. Note that 
this detection efficiency doesn't consider the collection efficiency which depends most 
critically on the numerical aperture of the objective, which is not a strong function of 
wavelength. By defining a normalized brightness &i = ei I Kj, we may factor out the color 
effects of transmission and detection in characterizing a fluorophore's brightness. See 
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table 4.2 below for a comparison of rhodamine 60 and Si nanocrystals (20m W excitation 
of 780nm, 80MHz pulse train with 150fs pulse width). 
Fluorophore detection efficiency K normalized brightness £ (cspm) 
Fluorescein 0.246 57000 ± 2000 
H-passivated Si-ne 0.173 35000 ± 3000 
Table 4.2: Detection efficiency correction factors and the normalized 
brightnesses for fluorescein and H-passivated silicon nanocrystals. 
A single H-passivated Si nanocrystal in propanol is thus about 2/3 as bright as a 
fluorescein molecule, when excited by 2-photon excitation at 780nm. 
2-photon cross-section: The molecular brightness is a function of several experimental 
variables. These include the temporal coherence of the excitation source (i.e. duty cycle, 
pulse shape), the excitation volume profile, the incident power, the collection and 
detection efficiencies considered above, as well as the quantum yield and 2-photon cross-
section. It is only the quantum yield and 2-photon cross-sections that are sample 
dependent, and so it is desirable to express 'brightness' in an apparatus independent way 
by quoting these quantities. Since the quantum yield is very difficult to measure directly 
(i.e. relative attenuation of the 2-photon excitation is negligible after passing through the 
sample), the two-photon excitation cross-section (cr TPE) is often quoted (Xu and Webb, 
1996). The 2-photon excitation cross-section is the product of the quantum yield and the 
2-photon cross-section. By quoting the TPE for fluorescein from (Albota et al, 1998) of 
0' TPE fluor= 3 7 X 10-SO em 4 s/photon, 
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we infer that, 
0' TPE Si-ne= 23 X 1 o-SO em 4 s/photon, 
(since 0' TPE fluor I 0' TPE Si-ne= &fluor I &si-ne). 
Number density: The number density fit from the PCH model yielded, 2.03±0.05 
particles/excitation volume (from G(O), 2. 7±0.2 particles/excitation volume is 
calculated). 
Dilution Study: A 2x dilution of the Si nanocrystal sample in propanol was measured for 
self-consistency. The diffusion coefficient in propanol was measured to be 200 ± 10 
Jlm2/s. The normalized brightness was found by PCH fitting to be 40000 ± 2000 cpsm 
(compare to 35000 ± 2000 cpsm for original undiluted sample). The number density 
from PCH was found to be 0.92 ± 0.02 particles/excitation volume (while from the G(O) 
1.5±0.2 particles/excitation volume was found). This is reasonably close to the predicted 
values of 1 particle/excitation volume (from the undiluted sample's PCH fit) and 1.35 
(from undiluted sample's G(O)). Results are tabulated in table 4.3 below. 
Si-nanocrystal dilution & (cpsm) NPcH (per ex cit. Vol.) No(O) (per excit.Vol.) 
original concentration 35000±2000 2.03±0.05 2.7±0.2 
2x dilution 40000±2000 0.92±0.04 1.5±0.2 
Table 4.3: Dilution study of H-passivated silicon nanocrystal brightness and 
number density. Ndetermination is self-consistent for each method separately 
(PCH and G(O}). Brightness fits agree, as expected. 
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Summary 
By using the techniques of FCS and PCH it was possible to measure the 
molecular brightness and diffusion coefficient of the hydrogen passivated Si nanocrystal. 
A diameter of 1.1 ± 0.05 nm is measured by referencing its transit time through the beam 
(as indicated by the decay time in the autocorrelation function) to that of fluorescein. The 
brightness is found to be 2/3rd of fluorescein with two-photon excitation at 780nm, once 
collection and detection efficiencies have been corrected for. Measurements on a diluted 
solution confirm the observations. 
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Chapter 5: Characterizing the heterogeneity of Si nanocrystals by FCS 
and PCH 
Outline 
This chapter focuses on the issue of the molecular homogeneity of the silicon 
nanocrystal colloid Since future applications would require that the silicon nanocrystals 
have well-defined properties within well-defined limits, answering this question is a 
necessary precursor to advancement in the area. By extending the molecular detection 
techniques of FCS and PCH outlined in the previous chapter by performing scans in the 
excitation wavelength, it will be shown that there is evidence for heterogeneity in the Si 
nanocrystalline colloids, by the methods of preparation described. This information 
provides critical feedback on efforts at process control in the production of Si 
nanocrystals so that more uniform colloids may be produced in the future. 
Introduction 
Fluorescent particles/molecules may be considered to be heterogeneous in 2 
respects: i) spectroscopically, i.e. subpopulations may have different absorption or 
emission characteristics, ii) size distribution, i.e. subpopulations may in addition to 
having any spectroscopic heterogeneity, also be distributed in particle size. Typical 
fluorescence measurements performed on ensembles detect the averaged properties. 
While in many cases conclusions about ensembles assume homogenous samples, the 
validity of such conclusions often rest on the quality of the sample. Checking the sample 
quality for heterogeneity may be difficult with traditional techniques like 
chromatography. Chemical compatibility of the particles with the liquid phase as well as 
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its compatibility with the solid phase are further complications of the technique. Another 
traditional technique for detecting heterogeneity, ultracentrifugation, can correlate 
particle size/density to absorption spectra, though this technique again is not appropriate 
for very dilute samples, nor is available in our laboratory. 
The fluctuation techniques (FCS and PCH) are ideally suited to determining size 
and spectroscopic heterogeneity of dilute samples. Depending on the brightness of the 
particles, samples with concentrations ranging from 100 pM to 100 nM may be studied. 
Size heterogeneity may be determined by fitting the autocorrelation function to models 
including a number of diffusing species or a continuous distribution having a range of 
diffusion coefficients. By varying the excitation wavelength, the excitation spectrum 
heterogeneity may be measured, and correlated with size. By measuring the fluorescent 
emission in multiple channels (by detecting different optical bands with filters/dichroics ), 
the emission spectrum heterogeneity may be determined. The emission heterogeneity 
may be correlated to size by seperately analyzing each channel's autocorrelation function, 
and determining which sizes are present for each 'color'. 
An excitation spectrum is usually defined for 1 collection wavelength. We may 
define an effective excitation spectrum by measuring the emission in a band whose 
transmission efficiency may be defined as in chapter 4 by p(l). The effective excitation 
spectrum, labeled now by channel number i instead of wavelength )., may be defined as 
EX(Aex;Ae,J is the standard excitation spectrum, as a function of Aex, with collection at Aem· 
Each emission channel has its own spectral transmission characteristic, parameterized by 
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p;(l), and with it the effective excitation spectra EX;(lexJ may be measured by varying Aex· 
In this work the heterogeneity of the population contributing to EX;(lex) is determined by 
measuring and analyzing the autocorrelation function G).ex; ; (r) and photon counting 
histogram PCHkx; ;(n). Note the expression EX(lex:lem) contains more information, but 
in practice there is not enough photon flux to be able to generate analyzable 
autocorrelation functions Gkx; km (r) and photon counting histograms PCH).ex; km(n) at 
each emission wavelength, so as a result averaging over bands must be preformed. Each 
band's/channel's autocorrelation function and photon counting histogram, as a function 
of excitation wavelength may then be studied and compared, yielding the information 
desired. 
Let us consider a simple example of a solution containing 2 types of fluorescent 
particles labeled by j = 1 and 2. The effective excitation spectra and emission spectra for 
each are shown in figure 5.1 A) and B) below. 
In figure 5.1A),j=1 and 2 do not have overlapping effective excitation spectra. 
Exciting within range L1., yields the solid green band in B), while exciting in .!1 2 yields 
the dotted red band. Emission from both particle types overlap in the detection band, and 
are thus detected (only 1 detection channel in this example). The heterogeneity in this 
sample may be detected by scanning the excitation wavelength, and measuring the 
resulting G1 kx (r), and PCH1 kx (r) (since only one detection channel is present the i index 
is omitted, while the j indexes the particle species). 
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Figure 5.1: Schemes for detecting heterogeneity when excitation spectra do not 
overlap (A). and B).) and when they do overlap (C). and D).). When scanning 
within regions, il1, il2, number density measurements will give number densities 
of species 1 and 2 respectively, as will scanning within regions Ll3 or Ll5. 
Scanning within Ll4 would yield contributions from both species together. 
For excitation of wavelengths within il 1, thej = 1 species is excited, so fits to 
number density and diffusion coefficient will yield thej=l species' values. Regardless of 
the wavelength within il 1, the diffusion coefficient of D1, and the number density N1 will 
be found. The brightness e1, however is a function of excitation wavelength and incident 
power. Within the region il2, only the j = 2 species is excited and likewise its values of 
the diffusion coefficient of d , and number density of N2 are found by fitting G2 M!x (r) 
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A more likely possibility is illustrated in figure 5.1 C), wherein the effective 
excitation spectra overlap. Excitation within ~ 3 and ~ 5, is analogous to excitation within 
~ 1 and ~ 2 of figure 5.1 A), however by exciting within ~ 4 both species j = 1 and 2 are 
excited. Single species fits to G;.ex (r) and PCH;.ex (n) are then insufficient if the diffusion 
coefficient and brightness of each species are sufficiently different, and so multi-species 
fits to resolve the heterogeneity must be used. If, on the other hand, the diffusion 
coefficient and brightness of each species is not resolvably different from the other 
species by the experimental data and fitting model, multi-species fits cannot be justified. 
Note that the excitation wavelength may be varied to achieve maximum brightness 
contrast between the two species by choosing a wavelength such that the ratio of 
IT (lex) I EX 2 (J..ex) is an extremum in the region of overlap. 
In the event that sufficient size and brightness contrast does not exist for any Aex, 
allowing more than 1 detection channel increases the scope for detecting and 
characterizing heterogeneity if the emission spectra of the various sub-populations are 
appreciably different. If one knows the emission spectrum of the constituents, 
appropriate dichroics/filters may be arranged a priori (see figure 5.2). Since fluctuations 
in species 1 are independent of fluctuations due to species 2, each channel may be 
analyzed independently (assuming there is no cross-talk between channel I and 2); with 
channel I analysis yielding the number density, diffusion coefficient and brightness of 
species 1, and likewise for channel 2. In the event of cross-talk the model may be easily 
extended by incorporating the extent of each species' cross-talk in the fitting. The 
formulas involved will not be presented here (see Kettling et al, 1998). 
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Figure 5.2: Using 2 detection channels increases the ability to characterize 
heterogeneity, based on heterogeneous emission. Scanning within ~4 (B).) 
allows each species to be detected independently, if there is no cross-talk 
between detection channels. 
... 
'A 
The above strategy assumes that the emission spectra of each species is known. 
When one is faced with a population of unknown heterogeneity (i.e. an unknown mixture 
of unknown constituents) the analysis is not so straightforward. 
Detecting heterogeneity with one detection channel: If the number density as a function 
of the excitation wavelength (N().e:J) changes, the sample may be concluded to be 
heterogeneous. The nature of the heterogeneity may not be unambiguously determined 
however. 
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Figure 5.3: The distribution of each species in a heterogeneous population 
consisting of species of equivalent brightness cannot be unambiguously 
determined with only one detection channel. Excitation within ~ could be due to 
the contributions of several species of similar brightness (A).) or of one species 
(B).). 
In the examples of figure 5.3, two different heterogeneous samples presenting the same 
effective excitation spectrum are shown. Measuring the number density for excitation 
wavelengths within~ in A) yields a constant number density due to the contribution of 
four species of similar brightness. In B) however the number density in this region is due 
to excitation of only 1 species. A unique decomposition into the constituent sub-
populations is thus not possible. 
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2-species FCS formulas 
For 2 diffusing species, the following generalization to the autocorrelation 
function must be used as a model: 
where, pT is the total fluorescence, and N is the total number of diffusing species in the 
model, while em<N"> is the fluorescence of species m. So the autocorrelation of each 
species Gm(r) is weighted by the square of its fractional intensity. 
The intercept G(O) for a two-species sample is given by, 
Note that to determine the number density of each species the brightness of each species 
is necessary. The brightness may be determined independently however, by fitting to the 
PCH model, which may then be treated as a fixed parameter in the FCS fitting routine. 
By doing this the number density from PCH and FCS may be compared for self-
consistency. 
Results 
Size heterogeneity detection 
A silicon nanocrystal sample analyzed after the sonication step, without being 
filtered afterward, was measured. The autocorrelation function shown in figure 5.4 
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clearly shows 2 timescales of decay. The fast decay attributable to diffusers on the same 
size scale of organic fluorophores like rhodamine, and a much slower time scale due to 
much larger particles with radii on the order of a 1 OOnm in size. With such a size 
disparity it is quite simple to detect size heterogeneity, however among species with a 
more modest size distribution this is more difficult to accomplish. A difference of 1 0% 
or more in the diffusion coefficient is resolvable, but 
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Figure 5.4: Autocorrelation function of unfiltered Si nanocrystal sample. Slow 
component corresponds to diffuser of size 11 Onm, while fast component 
corresponds to 1.1 nm. Filtering the solution removes the large component. 
this corresponds to a size ratio of 1.5 since Dcx:: 1/(mass)113 • 
The PCH fits indicate that c1 = (1.6 ± 0.1) * 106 cpsm and c2 = 7000 ± 800cpsm, 
while N1 =0.00017±0.00002 particles/excitation volume and 
N2 =3.5±0.5particles/excitation volume. FCS fits indicate nl =4±0.2 (j..tm)2fs and 
n2 =400 ±100 (J.lii1)2/s corresponding to sizes of 110nm and l.lnm respectively (using 
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the Stokes approximation), as well as number densities comparable to those from the 
PCH fit. By filtering with 20nm or 200nm pore size filters, the large fraction was 
removed. FCS and PCH analysis preformed on time-traces from the remaining solution 
indicate a similar size and brightness to those found in the 'small' fraction of the 
unfiltered solution. This example clearly shows the necessity of combining both FCS and 
PCH techniques in resolving size heterogeneity. Without the brightness parameters from 
the PCH fit, the extrapolated G(O) cannot be unambiguously interpreted. 
Excitation wavelength dependent number density FCS and PCH 
All the samples studied in this session were loaded into a multi-well slide, and 
measured in succession at each wavelength. Two independent measurement of each 
sample, at each wavelength were performed. Since the pointing angle of the laser was 
modified by the wavelength adjustment, the beam had to be realigned into the microscope 
after each shift in wavelength. The depth of focusing into each well slide was kept 
uniformly constant for all sets of data. Due to the depth dependence of the focal volume, 
taking measurements at random depths may give artifactual variations in number density. 
Data was collected at the same depth from the coverslip for each sample. 
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Figure 5.5: Number density of Rhodamine 6G as determined by PCH analysis, 
as a function of excitation wavelength. 
Calibration 
The number density and diffusion coefficient found by exciting a homogenous 
sample of fluorophores should be independent of excitation wavelength over the effective 
excitation band. Data from rhodamine 60 and coumarin 1 samples confirm this 
expectation. The number density as a function of excitation wavelength for the 
rhodamine sample is given in figure 5.5. Coumarin's wavelength dependent number 
density is given in figure 5.6. The data show reasonable constancy over the range 
excited. 
The molecular brightness of rhodamine and coumarin, corrected for the incident 
photon flux (i.e. e divided by the square of the photon flux) allows one to characterize 
the efficacy of emission per incident photon. Figures 5.7 and 5.8 show the flux corrected 
brightnesses in arbitrary units for rhodamine and coumarin respectively. 
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Figure 5.6: Number density of Coumarin 1 as determined by PCH analysis, as a 
function of excitation wavelength. 
Per unit of photon flux, excitation at 770nm for rhodamine 6G and 730nm for coumarin 1 
yield the brightest signals in the range of excitation wavelengths explored. As expected, 
the maximum of the coumarin curve is bluer than the rhodamine curve's peak, as are the 
excitation cross-section spectra peaks when studied by 1-photon. As noted earlier by 
Webb, the effective cross-section may be blue-shifted with respect to their 1-photon 
estimations (i.e. at half the energy of the 1-photon cross-section peak). This too is 
observed (from 1-photon estimations, the coumarin maximum should be at 750nm, and 
rhodamine's at 1060nm). The molecular brightness for Rhodamine 6G may be compared 
to the 2-photon excitation cross-section curve published by Albota et al. (1998) at the 
wavelengths 720, 740, 760, and 780nm. They quote a flat cross-section curve in this 
region except for a dip at 740nm, whose cross-section is about %50 ofthe others (error 
bars were not provided). 
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Figure 5. 7: Flux corrected molecular brightness (proportional to 2-photon 
excitation cross-section) for Rhodamine 6G. 
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Figure 5.8: Flux corrected molecular brightness (proportional to 2-photon 
excitation cross-section) for coumarin 1. 
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From the FCS measurements of these calibrants we wish to find out the beam waist at 
each wavelength. Fitting the rhodamine data, assuming D=300 (flmils, radial beam 
waists of about 0.36 f.!m were measured throughout the excitation range. Figure 5.9 
shows the data measured. 
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Figure 5.9: Measured beam waist from autocorrelation data for Rhodamine 6G. 
The extrapolated G(O) values were used from the autocorrelation function fits to 
estimate the number density. The data are presented in figure 5.10 for the rhodamine 
sample, and in figure 5.11 for the coumarin sample. 
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Figure 5.10: Number density determination from G(O) as a function of 
wavelength for Rhodamine 6G. 
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Figure 5.11: Number density determination from G(O) as a function of 
wavelength for Coumarin 1. 
82 
These results are consistent with the PCH fit values shown in figures 5.5 and 5.6. 
Si nanocrystals 
The sample of butyl-amine coated silicon nanocrystals dissolved in ethanol were 
measured along with rhodamine and coumarin at each wavelength. The number density 
and brightness from the PCH fits as well as the number density and diffusion coefficient 
from the FCS fits are given below. 
The number density as a function of wavelength (see figure 5.12) clearly show a 
wavelength dependent number density. 
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Figure 5.12: Number density determination from PCH fitting as a function of 
wavelength for butyl-aminated Si nanocrystals. 
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This is a clear indication that the sample is heterogeneous, with the most numerous 
fraction(s) being 2-photon excitable at 740nm. The fraction(s) excited at 800nm have a 
number density l/3rd of the peak number density. 
The photon flux corrected brightness as a function of wavelength is given in 
figure 5.13. 
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Figure 5.13: Flux corrected molecular brightness (proportional to 2-photon 
excitation cross-section) for butyl-amine passivated Si nanocrystals. 
The brightness, contrary to the number density is fairly constant. Multi-species fits were 
not warranted since the single-species fits were very good I ~ 1 to 2. The species 
constituting the heterogeneous population evidently have a similar brightness. Highest 
molecular brightness is achieved with 730nm excitation. 
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FCS results, complement those of PCH by indicating the extent of size 
heterogeneity. The diffusion coefficient as a function of excitation wavelength is shown 
in figure 5.14. 
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Figure 5.14: Diffusion coefficient of butyl-aminated Si nanocrystals, as a function 
of wavelength, determined from FCS. 
There is some evidence that the fraction(s) excited 770nm and above are smaller than the 
those excited below 770nm. The average of the diffusion coefficient measured with 
excitation below 770nm is 310±20 (lllllils while at 770nm and above it is 
340±40(J.Lm)2/s. This corresponds to radii of 1.4±0.05 nm and 1.3±0.1 nm respectively 
using the Stokes-Einstein relation for spherical diffusers. [The relative viscosity (with 
respect to water, at 20°C) of ethanol is 1.2]. 
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Summary 
Comparisons of the absorption spectra's contour with the excitation spectra's 
contour led us to the conclusion that the butyl-aminated Si nanocrystal preparation was 
definitely heterogeneous. This observation is confirmed by a determination based on the 
molecular techniques ofFCS and PCH. Based on these measurements the number 
density of butyl-aminated Si nanocrystals varied by a factor of3, depending on the 
fraction probed by the exciting wavelength. Furthermore, within the excitation window 
measured, the dispersion in size and brightness was found to be minor. 
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Chapter 6: 1-photon FCS: measuring the extinction coefficient and 
quantum yield of Si nanocrystals 
Outline 
In chapter 6; FCS and PCH measurements of the molecular properties of Si 
nanocrystals excited by single photon absorption in the UV (together with ensemble 
measurements) show the quantum yield, and extinction coefficient ofSi nanocrystals are 
comparable to standard organic jluorophores. Also measured is the I -photon excitable 
number density in the silicon nanocrystal colloid, which turns out to be much larger than 
the two-photon excitable number density (measured in chapters 4 & 5), indicating that 
these are different fractions. Thus, from these measurements it may be concluded that in 
addition to having a bright two-photon excitable fraction, these Si nanocrystal colloids 
also have a concentrated and bright 1-photon excitable fraction. They also motivate 
efforts to separate these fractions after production and/or control suppression of one or 
the other fraction during production for future development and applications. 
A 1-photon UV FCS microscope was used to measure the concentration of a 
nanocrystal colloid Absolute number density determination allows the extinction 
coefficients to be inferred from the optical density measurements. In addition, by 
measuring the integrated fluorescent signal of the nanocrystal colloid of known 
concentration, and ratioing it to the integrated fluorescent signal of a fluorescent 
standard of known concentration and quantum yield, the quantum yield of the 
nanocrystals may be estimated 
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Method 
A 1-photon UV FCS microscope was used to perform the FCS measurements. 
This differs from the 2-photon FCS microscope in 3 ways: i) excitation was through the 
side of an upright microscope, through a modified dichroic box with appropriate UV 
reflecting dichroic, ii) excitation light was tripled in energy by passing a near-infrared 
mode-locked pulse train from the Ti-sapphire laser through a doubler and then a mixer 
(Harmonic Generator, Coherent, CA), iii) a pinhole (50 J.tm) was placed in the image 
plane, before the PMT (HC120, Hamamatsu, Japan) for confocal detection (see figure 
6.1). 
A 885nm mode-locked beam was used as the pump beam for the harmonic 
generator, resulting in a 295nm source which was beam-expanded (~5x) and put through 
a spatial filter and focused into the microscope. The UV objective (Zeiss, 1 OOx, 1.2NA) 
was not overfilled so a diffraction limited spot was not achieved. 
Results 
Using a 1 OnM buffered fluorescein solution as a standard, the beam waist was 
calibrated to 0.39 J.tm, giving a focal volume of0.67 J.tm3. A G(O) value of0.018 was 
measured which yielded a number density of 6.3 particles/fl. This gives a concentration 
of 10.5nM, in good agreement with the nominal value (achieved at by diluting a stock of 
known optical density). 
Nanocrystal Extinction Coefficient: Measuring a diluted (120x) hydrogen passivated 
silicon nanocrystal colloid in propanol yielded a G(O) of0.007, which corresponds to 27 
nM (75 J!W at 295nm). The undiluted stock is thus calculated to be 3.2 J.tM. The optical 
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density of a 20x diluted sample is measured to be 0.029 OD (solvent corrected) at 275nm 
(see figure 6.1). Now we assume that the population is homogenous, i.e. that the 
concentration is not a function of wavelength, so that at 275nm, the concentration of 
nanocrystals is equivalent to that found at 295nm. Since the extinction coefficient is e · c 
· l = O.D., for a path length of 1cm, and a diluted concentration of3.2/20 J,tM = 160 nM 
(cis concentration in moles), the extinction coefficient is calculated to be 180000 
M-1 -1 em. 
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Figure 6.1: 1-photon UV FCS microscope. 
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Figure 6.2: Absorption spectra of H passivated Si nanocrystals. (Solvent 
absorbance subtracted). 
Nanocrystal Quantum Yield: To measure the quantum yield of the nanocrystals, a 
comparison of its fluorescence with NAT A was made. 
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Figure 6.3: Absorption spectra of NATA (solvent subtracted). 
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NAT A is an indole derivative which fluoresces in the UV like the silicon nanocrystal 
solution, and has a known extinction coefficient and quantum yield. Its absorption 
spectra is given in figure 6.3. The extinction coefficient ofNATA (N-acetyll-
Tryptophan amide) estimated from tryptophan at 275nm is 5580 M-1cm-1• The absorption 
measured in fig. above is 0.053 O.D. (background corrected) at 275nm, yielding a NATA 
concentration of9.5 j.lM. 
Next, the fluorescence of known concentrations ofNATA and Si nanocrystals 
were measured. Knowing that the fluorescence (barring any inner-filter effect) is 
proportional toe· c · YJ, we may measure the following, 
FNATA _ 8NATA.cNATA.17NATA 
F - 8 . ·C . •17 . ' Si-ne St-nc St-nc St-nc 
where F is the integrated fluorescence upon excitation with A= 275nm, as measured in 
the SPEX Fluoromax (Jobin Yvon Inc, NJ) fluorimeter, and thee's are evaluated at A= 
275nm, while YJ is the quantum yield. The only unknown in the above equation is Y/Si-nc 
(assuming there is no dark fraction). 
The fluorescence emission spectra ofNATA (undiluted) is shown in figure 6.4. 
The integrated area is measured to be (proportional to the detected photon counts, 
corrected by the detector sensitivity and corrected for source fluctuations and solvent 
fluorescence/scatter) 8.39 x 108 a.u.(arbitrary units). 
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Figure 6.4: Fluorescence spectra of NATA (solvent subtracted). 
The fluorescence emission spectra of the hydrogen passivated silicon sample (200x 
dilution, similarly corrected) is given in figure 6.5, 
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Figure 6.5: Fluorescence emission of H-passivated Si nanocrystals (solvent 
subtracted). 
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and its integrated area is 1.24 x 108 a.u. These measurements show that the quantum 
yield of the hydrogen passivated silicon nanocrystals is ~%40 (assuming there is no dark 
fraction). [If a dark fraction is allowed, then all that may be said is the emissive Si 
nanocrystals have an effective 1-photon extinction coefficient of c8 . n 8 . = 72000 z-nc·' z-nc 
M"1cm·1• This means that any dark fraction implies that the quantum yield of the bright 
fraction is higher than %40, and it also means that no more %60 of the optical density 
may come from the dark fraction.] 
Summary & comparison with 2-photon results 
The 2-photon measurements on the hydrogen passivated silicon nanocrystal 
sample were preformed with the stock solution. The 2-photon excitable fraction was 
measured to be 8nM (see chapter 4), while the 1-photon excitable fraction was measured 
to be 160nM for a 20x dilution of the stock, which corresponds to a stock concentration 
of 3.2 J!M. Therefore only 11400th of the particles are 2-photon excitable. Since it is not 
practical to measure the absorption of particles undergoing 2-photon absorption, an 
estimate of the quantum efficiency could not be made, so it is not known whether 1'/Si-
nc(2y)= 1'/Si-nc {ly). 
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Chapter 7: Excitation dependent fluorescent lifetime decay of Si 
nanocrystals 
Outline 
This chapter addresses the molecular heterogeneity of the 1-photon excitable 
fraction ofSi nanocrystals, not by the molecular level techniques used to study the 2-
photon fraction's heterogeneity in chapter 5 (i.e. FCS and PC H), but by the traditional 
ensemble technique of fluorescence lifetime, measured as a function of excitation 
wavelength. The heterogeneity found in the fluorescence lifetime is clearly mapable to 
the heterogeneity found in the fluorescence emission (measured in chapter 3), corifirming 
earlier observations that there are 2 species (or excited states) present. 
Introduction 
The nature of the fluorescent lifetime decay of silicon nanocrystals is an 
interesting subject in its own right. Experimental characterization of the decay may help 
in understanding the physical processes involved in luminescence, the nature of the 
excited state etc., by comparing results to model predictions. By attaching fluorophores 
to structures of interest, utilization of the lifetime characteristics can increase the amount 
of information extractable from a given experiment. The lifetime of fluorophores is a 
quantity of interest to microscopists who wish to enhance or suppress fluorescence of 
interest based on lifetime when imaging (fluorescent lifetime imaging), or used to resolve 
structures based on lifetime information. Lifetime is also of interest to spectroscopists 
who measure fluorescence resonance energy transfer which is a technique to measure 
distances between two fluorophores on the length scale of ~50-lOOA. One ofthe 
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fluorophores, the donor, experiences a lifetime decrease in the presence of the other 
fluorophore, the acceptor (due to resonance energy transfer from the donor to the 
acceptor). Fluorescence lifetime has also been used as a probe of the fluorophore's local 
environment, since non-radiative decay rates are environment dependent. In short, 
fluorescence lifetime is an important dimension of fluorescence spectroscopy/imaging, so 
its characterization is highly desirable. 
In this chapter excitation wavelength dependent lifetimes are measured to probe 
species/excited state heterogeneity. We wish to determine whether the different peaks 
observed in the fluorescence emission-excitation matrix correspond to species/states with 
different lifetimes. 
Frequency domain theory 
The fluorescent lifetime was measured by the frequency-domain phase 
fluorometry technique (see Gratton and Barbieri, 1986). The time domain lifetime 
technique involves measuring the photon time of arrival after an excitation pulse, in the 
frequency domain technique however, it is the phase delay and demodulation of the 
fluorescence in response to a modulated excitation source that is measured. Figure 7.1 
illustrates the measured phase delay cp and modulation ratio M. 
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Figure 7.1: Schematic defining the frequency domain observables, M and ¢J, 
used in determining fluorescence lifetimes. 
While measurement of M and cp at one modulation frequency is sufficient for 
measuring the lifetime of a mono-exponentially decaying homogenous fluorophore 
population, this approach is not sufficient for extracting multi-exponential or 
heterogeneous population decay lifetimes. For reliable multiple lifetime determination, 
the fluorescence response (i.e. M and (/J) must be measured at multiple modulation 
frequencies. 
Let us suppose a sample has a fluorescent decay profile characterized by a sum of 
N exponentials, 
c-t/) I(t)=l~a.e l'i , 
. 1 l l= 
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N 
where La; = 1. ai is the fractional contribution of species/decay channel i. The fraction 
j;\ 
of photons contributed by species/decay channel ito the overall fluorescence (i.e. 
fractional intensity) is, 
a.r. /.= l l 
z :La.r. 
l l 
The measured Mw and (/)w are functions of the Fourier Sine transform S(w), 
and the Fourier Cosine transform C(w) of the intensity l(t) evaluated at frequency w, 
and 
00 00 I l(t)sin((J){)dt I I(t)cos({J)f)dt 
where S(m)= 0 00 , and C(m)=~0-00---I I(t)dt I I(t)dt 
0 0 
In practice typically 10-20 modulation frequencies logarithmically spaced between ~ 1-
300MHz are used to recover fluorescent lifetimes in the range of ~.1-1 OOns. A fitting 
program (Globals, Champaign, IL) was used to yield best fits to the user designated 
model (e.g. two exponential decay), which adjusts the model parameters (e.g. a1. a2, -r1 
and -r2) such that the deviation from the measured results is minimized. 
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Frequency domain lifetime instrumentation 
The instrument used was a cuvette based multifrequency cross-correlation phase 
and modulation fluorimeter produced by ISS (K2, Champaign, IL ). This is similar to the 
appartus used for the steady-state measurement of chapter 3, except for the modulated 
excitation source and photomultiplier tubes, as well as the data collection hardware (see 
figure 7 .2). 
Light r--------------~ 
1----i, Pockels Cell r--, ----"""'-
source ~------ -------~ 
(( 
Frequency Synthesizer (slave) 
Frequency Synthesizer (master) 
m +Am 
Data 
Acquisition 
Sample 
~ ~ 
Figure 7.2: Schematic of frequency domain fluorescence lifetime instrument. 
By modulating the PMTs at a slightly different frequency, (~m- kHz, m- MHz), the 
fluorescence modulated at m beats with the PMT sensitivity which is modulated at m+ 
~m (by modulating the voltage across the dynodes), causing the PMT output to be 
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modulated at the sum and difference frequencies. Since the PMTs' modulation is phase 
locked with the Pockels cell's, the phase shift and demodulation information of the 
fluorescent decay is contained in these frequency components. Because the difference 
frequency is on the order of kHz, it is much easier to measure. It is the PMTs (reference 
and sample) difference frequency that is digitally sampled by the data acquisition card, 
yielding an M and f/J measurement. A computer controls the data acquisition card, the 
frequency synthesizers, as well as the fluorimeter's mechanical components (shutters, 
polarizers etc.). 
Results 
The fluorescence lifetime of hydrogen passivated silicon nanocrystals was 
measured in a quartz cuvette, using either p-terphenyl or diluted silica colloid as a 
fluorescent lifetime standard. P-terphenyl has a known lifetime of 1.04ns, while silica, 
as a scatterer has a Ons phase delay with respect to the excitation source. Using a 
reference standard allows instrument dependent phase delays to be corrected for. UV 
cutoff filters WG335 (at 260,280 and 300nm) and KV389 (at 320 and 340nm) were used 
as emission filters to cut out excitation scatter (Schott Glass, Germany). 
The phase ffJ and modulation M were measured at 5 different wavelengths: 260, 
280, 300, 320 and 340nm. This covers the interval where the 2 emission bands/species 
were detected at 45K (see figure 3.5), while at 300K (figure 3.4) the emission peak 
appeared to travel with the excitation energy (i.e. as the excitation was red-shifted, the 
emission peak red-shifted as well). The lifetime measurements were performed to 
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discover whether there is a different lifetime associated with the photoselected silicon 
nanocrystals/excited states when excited from 260-320nm. 
The phase delays and modulation ratios measured at all 5 wavelengths are 
displayed in figure 7.3. 
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Figure 7.3: Raw phase (circles) and demodulation (squares) data for H-
passivated Si nanocrystals, with residuals to 3-exponential decay fit plotted 
below. 
Fitting to a 3 exponential decay model yields decays on time scales of 1.5, 5, and 15ns for 
all wavelengths of excitation. When the fitting was linked across all wavelengths the 
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following decay times were calculated: 1.2ns, 4.5ns and 17ns. Deviations from this fit 
are shown in figure 7.3 in terms of residuals. Fitting to a 2 exponential decay model 
yielded unacceptable errors however, with systematic deviations in the residuals. 
The amplitudes of each of the exponential decay terms varied as a function of 
wavelength. A plot of the intensity amplitudes (i.e . ./0 of the decay terms as a function of 
wavelength are given in figure 7.4. 
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Figure 7.4: Fractional intensity corresponding to each decay channel (1.2ns, 
4.5ns and 17ns) as a function of wavelength. 1.2ns fraction becomes more 
prominent towards the red. 
As the excitation is red shifted there is an increase of light emitted from the fastest decay 
term, and a decrease in the longer decay terms. Overall, the decay time decreases as the 
excitation wavelength increases. 
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The fractional amplitude distribution as a function of wavelength is shown in 
figure 7.5. This gives an indication of the magnitude of each decay term (as opposed to 
the fractional intensity amplitude which indicates the magnitude of each integrated 
decay). 
Fractional Amplitudes of Deca Terms 1.0~------------~----------~~------. 
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Figure 7.5: Fractional amplitude corresponding to each decay channel (1.2ns, 
4.5ns and 17ns) as a function of wavelength. 
The fraction/excited state probed at 320-340nm has more 1.2ns decay character, 
while the fraction/excited state probed at 260-280nm has more 4.5 and 17ns decay 
character. These species/states may therefore be resolved by lifetime. 
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The above plots have been all in terms of fractional intensities or amplitudes, that 
is, the emission at each excitation wavelength is treated on equal footing. To compare 
the amount of fluorescence in each decay channel, as a function of excitation wavelength, 
the fractional intensity distribution is multiplied by the integral of its emission spectra 
(above the emission filter cutoff), at each wavelength. This plot of the decay associated 
integrated excitation spectra is shown in figure 7.6. 
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Figure 7.6: Decay associated excitation spectra (integrated over whole emission 
band) for H-passivated Si nanocrystals. 
This plot tells us that signal-wise it is best to probe at 280nm to measure the ' slow' 
fraction/excited state, and probe at 340nm to measure the ' fast' fraction/excited state. 
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Summary 
The lifetime heterogeneity data corroborates the 2-species/states conclusion from 
the fluorescence emission-excitation data of chapter 3. In that chapter there were two 
peaks detected, one upon excitation from 280-300nm, the other from 340-360nm, in all 
the preparations (though the peaks for the pentyl-passivated sample only appeared at low 
temperature). The lifetime data show a species/state with one set of lifetime amplitudes 
when excited from 260-280nm, another species/state with lifetime amplitudes when 
excited from 320-340nm, with the 300nm lifetime amplitudes representing a transition 
regime (see figure 7.5). 
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Chapter 8: Imaging Si nanocrystals by scanning 2-photon microscopy 
Outline 
In this chapter images of single Si nanocrystals deposited on a quartz surface 
under two-photon excitation will be presented. The emission intensity of a single Si 
nanocrystal as a function of time will also be shown, indicating that the Si nanocrystal is 
stable to over 15 0 seconds of constant illumination, orders of magnitude longer than 
traditional fluorophores, which photobleach within several seconds under identical 
conditions. 
Introduction 
The imaging of fluorescently labeled biological structures is the method of choice 
for determining structure and dynamics in living cells. It offers unparalleled selectivity 
and sensitivity, on the biologically important time scales ranging from ms to hours. 
Current instrumentation allows the detection and monitoring of single fluorophores, 
allowing experiments to be performed on single proteins and DNA molecules which are 
labeled with a single fluorophore. The extension of single molecule techniques to the 
domain ofliving cells is currently underway, with the prospect of revolutionizing cellular 
biology by being able to control and observe at the cell's most fundamental level, the 
level of a single molecule. Proteins and enzymes are known to mediate a myriad of 
functions in the cell, yet the nature of their mechanical/chemical operations are little 
known. Single molecule techniques promise to unlock these secrets. 
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The limiting factor in single molecule experiments however is often not the 
instrumentation but the fluorophore. The photo bleaching of fluorophores upon 
continuous excitation limits the observable time window of a single fluorophore to 
several seconds. This deficiency has been the main motivating factor to find better 
fluorophores. The cadmium-selenium/cadmium-sulfur nanocrystals have been 
successfully imaged (Chan and Nie, 1998, Bruchez et al, 1998), though the intermittence 
of their fluorescence militates against usage as a single-molecule label (Efros and Rosen, 
1997, Shimizu et al, 2001). 
In this chapter, images of silicon nanocrystals and their time traces will be 
presented, under 2-photon excitation, as will images and time traces of rhodamine 
molecules, a standard organic fluorophore, as a comparison. 
Instrumentation 
Images were acquired on a microscope very similar to the 2-photon FCS 
microscope described earlier. It differs in 2 ways from the FCS-only apparatus: i) the 
excitation beam is scanned across the sample by 2 scanning mirrors, ii) the data 
acquisition is synchronized with the scanning so that the photons detected when 
illuminating a particular spot in the sample are correctly mapped to the corresponding 
pixel in the acquired image (see figure 8.1 ). 
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Figure 8.1: 2-photon scanning microscope. A pair of galvanometric scanning 
mirrors deflects the laser beam. Angular deflections by the scanning mirrors are 
translated by the optical system to a linear scanning of the focal spot along the 
object plane. 
The scanning mirrors mounted on servo controlled moving coil galvanometers (6350, 
Cambridge Technologies, Cambridge, MA) are given analog saw-tooth signals by 2 PC 
board frequency synthesizers (SM-1020, Signametrics Corp., Seatle, WA) to bothx andy 
axes to perform raster scans. Pixel residence times are adjustable down to 50~s, with a 
maximum of256x256 pixels obtained per image (LFD in-house image acquisition 
software). Full images are thus acquired in at least ~3s. The scanners can sample a 
physically larger area by applying a larger voltage to the scanners (IOV maximum), 
which result in larger mirror deflections. For linear operation, so that the change of 
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scanning angle corresponds to a linear change of focal spot position in the focal plane 
(paraxial regime) and to prevent vignetting, scanning angles are kept to <2° (i.e. :S1 V 
applied to the mirrors). A ronchi ruling (5000 line pairs/inch) with a drop of fluorescent 
fluid covered by a coverslip was imaged to perform scan area calibrations. 
Single molecule imaging results 
Rhodamine Molecule Images: Rhodamine 110 samples were prepared by spin-coating 
40~1 of a 1 OOpM solution on a cleaned quartz coverslip (sonicated in 1% Micro-90 
detergent solution for 1 Omin, rinsed 3-4 times in sonicating bath 1 Omin at a time using 
Nanopure filtered water). 1Om W of 785nm light was raster scanned on the sample, 
producing the following image in figure 8.2. 
Figure 8.2: Single rhodamine 110 molecules imaged on a quartz surface. Mode-
locked ti-sapphire raster scanning a diffraction limited spot through 1.3NA 40x 
objective (10mW average power on the sample). The image corresponds to a 
25~m x 25~m area on the quartz coverslip. 
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At this incident intensity, most of the rhodamine molecules disappeared after 
several frames of illumination. By decreasing the intensity to 3m W (on the sample) the 
following series of scans (sampling a lOJ,Jm x 1 OJ,Jm area) were taken (see figure 8.3). 
Figure 8.3: 1 OJ,Jm x 1 OJ,Jm scans successively taken (13s/scan) with 3mW 785nm 
mode-locked incident laser light. The red circles show the disappearance of 2 
rhodamine molecules after the first scan. The yellow circles show the 
appearance of a rhodamine molecule initially not detected. 
Figure 8.3 shows 3 scans taken successively, showing single molecules disappear 
(red circle) and appear (yellow circle). The first scan detects the highest number of 
rhodamine molecules but not all. The yellow circles show an area where initially a 
rhodamine is not detected but becomes apparent in the second scan. This is probably due 
to the spontaneous emergence of a rhodamine molecule from a dark state. The red circle 
indicates a location where a rhodamine molecule disappears, due to a transition to a dark 
state, or photobleaching. 
A scan of a smaller area shows more detail still. If a 5~m x S~m area is sampled 
256 x 256 times, the distance between pixels corresponds to 20nm. With a diffraction 
limited focal spot of -400nm diameter (FWHM), this corresponds to an oversampling of 
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a point like molecule in the focal plane. A lnm sized molecule like rhodamine will be 
sampled in about 20 pixels under these conditions. Such a scan is shown in figure 8.4. 
The arrow indicates where a bleaching event (or dark state transition) has occurred. 
Figure 8.4: SJ.Jm x SJ.Jm scan showing bleaching event of single rhodamine 110 
molecule. 
Traces of Single Rhodamine Molecules: In many applications, such as particle tracking, 
it is important to continuously illuminate a fluorophore so that its position as a function 
of time may be followed. For maximum utility it is desirable that the fluorophore be 
bright (significantly above background) and photostable (trackable for a long time). The 
brightness as a function of time was tested by parking the focused beam over a 
rhodamine molecule and collecting a time trace of the photons detected. Two such time 
traces of different rhodamine molecules are shown in figure 8.5. 
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Figure 8.5: Time traces of detected photons while focal spot is parked over 
different rhodamine molecules and quartz coverslip. Note one step bleaching 
events. 
Silicon Nanocrystal Images: Images of nanocrystals spin-coated on a similarly prepared 
quartz coverslip are shown in figure 8.6. 
Figure 8.6: 1 Ol-Jm x 1 Ol-Jm are of hydrogen passivated silicon nanocrystals spin-
coated on a quartz coverslip (BmW, 785nm). 
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The coverage ofbright particles is as expected for this ~100pM (two-photon detectable) 
solution (i.e. similar to the areal particle density detected for 1 OOpM rhodamine 110 
solution in figure 8.3). Recall that there was a 400 fold descrepancy between the two-
photon detectable (at 780nrn) and the UV 1-photon detectable concentration (at 295nrn) 
from FCS measurements (see chapter 6), so ~OnM of the '2-photon dark' nanocrystals 
were deposited also. 
Figure 8. 7: 5j.lm x 51Jm scan of hydrogen passivated silicon nanocrystals at 3mW 
incident power. 
The photon intensity detected in the position of a silicon nanocrystal, marked by a red 
arrow in figure 8. 7 was 5000cps. The intensity detected in the position indicated by a 
yellow arrow, due to background, was 2000cps. This background is considerably higher 
than that of a clean quartz surface, which was measured to be ~200cps, under identical 
conditions. This is probably due to the resulting film of UV detectable nanocrystals 
which are contributing to the background. 
Traces of Single Silicon Nanocrvstals: Time traces of the photon counts when the beam 
was parked on a single (two-photon detectable) nanocrystal were measured, to find out 
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how long the fluorescence would last. An example of such trace is shown in figure 8.8, 
with the background trace plotted as well. 
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Figure 8.8: Time trace of silicon nanocrystal (top curve) and background (bottom 
curve) under 3mW 785nm mode-locked illumination focused to the diffraction 
limit (200 MW/cm2). 
The top trace of the nanocrystal is photostable for up to 150s. In addition, the long-time 
intensity doesn't go to the baseline of the background intensity even after 150s of 
continuous exposure. The nanocrystal is emitting light detected at the rate of 1 OOOcps 
above background at long times. 
Summary 
The silicon particles are not bleachable over the time scale of minutes under 
conditions in which organic dyes such as rhodamine photobleach within seconds. This is 
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an improvement in longetivity by at least 2 orders of magnitude. If these particles could 
be isolated from the UV particles which dominate the mixture, their long-lasting 
fluorescence would be easily detectable over that of a quartz surface (1 OOOcps vs. 
200cps). Increasing the intensity would increase the signal to background ratio since the 
nanocrystal fluorescence is a two-photon effect (its emission intensity scales as the square 
of the incident intensity, while the quartz surface has a sub-quadratic dependence). 
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Chapter 9: Conclusions and future research directions 
Future work to isolate the 2-photon fraction from the UV fraction would be 
necessary to make Si nanocrystals a practical alternative as a fluorophore. Another 
approach is to modify the parameters involved in the production of Si nanocrystals, to 
accentuate the 2-photon excitable fraction which is produced. Experimenting with 
crystallite shape (i.e. oblate, prolate) as well as various passivating groups may yield 
structures which have higher 2-photon cross-sections, since it is known that the molecular 
geometry and efficacy of electron transfer effects the 2-photon excitation cross-section 
(Albota2 et al, 1998). 
The 2-photon emission for the silicon nanocrystals have been probed between 
730-800nm, while for 1-photon excitation there was significant emission when excited 
within the range of 270-400nm. This would suggest that the 2-photon excitation cross-
sections should be significant between 540-800nm. However, organic fluorophores have 
been known to have a blue-shifted peak in their 2-photon cross-section spectra with 
respect to their expected peak from 1-photon spectra (Webb, 1996). This is a function of 
the quantum mechanical selection rules that apply for a structure of a given symmetry. 
The selection rules that apply for 2-photon absorption may allow higher energy excited 
singlet states to be populated with a higher probability than would be possible with 1-
photon excitation, implying that the 2-photon excitation spectra have much larger cross-
sections at the blue-shifted wavelengths, relative to the 1-photon excitation spectra. 
Measuring the 2-photon excitation spectra within the unexplored region of 540-730nm 
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would characterize Si nanocrystals more fully, indicating whether a more promising 
fraction of the Si nanocrystals have high 2-photon excitation cross-sections. 
2-photon excitation is possible in this region (540-730nm) by pumping an Optical 
Parametric Oscillator (OPO) with a mode-locked Ti-Sapph laser. The OPO 
parametrically down-converts the near IR pump photon to two IR photons. By phase 
matching the mixing crystal, the wavelength of theIR photons may be tuned. Subsequent 
doubling ofthe output results in a mode-locked pulse train (80MHz) of pulse duration 
comparable to the Ti-Sapph's (~150fs). 
Although the 1-photon cross-sections are high, with good quantum yields as well, 
the fact that the Si nanocrystals studied here are only efficient in the UV limit their 
applicablility in areas such as biological labeling, since biological samples are 
autofluorescent upon UV excitation and living samples are not robust under such 
conditions either. 
GPC (Gel permeability chromatography) should be exploited in future work. This 
technique can be used to not only resolve fractions but also prepare samples of different 
fractions, allowing each to be measured separately. It exploits slight differences in size, 
by using the size-exclusion principle (larger particles are excluded from the smallest 
pores, and so travel a longer path and take a longer time to reach the end of the column). 
Long enough columns with small pore-sizes (e.g. lOnm) have recently been shown to be 
able to separate new Si nanocrystal colloid samples based on size (personal 
communication, J. Therrien). Preparative columns (which have larger cross-sectional 
areas) may be used in mass-production. The Nayfeh group (Dept. of Physics, UIUC) has 
just recently been able to separate fractions of silicon nanocrystals based on size 
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(personal communication). By controlling anodization conditions a whole rainbow of 
nanocrystallites, emitting from the red down to the UV (upon 1-photon excitation) have 
been isolated. Applying the techniques covered in this thesis to each fraction, to 
characterize their molecular characteristics (like size, brightness and quantum yield) as 
well as their homogeneity should be very interesting. The high production yields and 
available palette of colors could make these new Si nanocrystal preparations a potentially 
viable 1-photon probe. 
To be of interest to biologists, the nanocrystals must also be linkable to a structure 
of interest. Recently silicon nanocrystals have been passivated by carboxylated groups, 
by Rogozhina and Braun (personal communication). This opens up prospects of 
covalently linking the silicon nanocrystals to molecules of interest such as proteins, lipids 
and DNA since there exist chemical protocols for the linking of carboxylate groups. 
Another avenue being explored for making Si nanocrystals covalently linkable is 
passivation with di-amine groups. In this arrangement the amine on one end of the 
passivating group is linked to the Si nanocrystal, with the other amine free to be linked to 
a structure of interest by already established chemical protocols. Tagging structures with 
Si nanocrystals could extend the time window of their tracking by orders of magnitude. 
Exploring the efficacy of fluorescence energy transfer is another important aspect which 
deserves attention, potentially allowing microscopic distance determinations of single 
molecules over times longer than traditionally available. 
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